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Summary 
Advanced fibre-reinforced polymer composites are now extensively used in aerospace 
industry as a result of the increasing demand for lightweighting technology to reduce 
fuel consumption and improve energy efficiency. Advanced fibre-reinforced polymer 
composites offer numerous advantages over metallic alloys, including higher specific 
strength and stiffness, resistance to corrosion damage and fatigue cracking. However, in 
the absence of through-thickness reinforcement, laminated composite materials are 
susceptible to interlaminar and intralaminar delamination damage due to accidental 
impact from bird strikes, hailstones, and tools dropped during maintenance. In addition, 
the low through-thickness conductivity of composites and its bonded structure presents 
challenges in protecting of aircraft against lightning strikes and detection of damage 
using traditional electrical based non-destructive techniques.  
In light of these challenges, the general aim of this PhD project is to investigate 
the effects of carbon nano-reinforcements alignment on the fracture and electrical 
properties of epoxy composites. The alignment of the nano-reinforcements was 
investigated using two different external field based techniques, namely electric-field 
and magnetic-field. The carbon nano-reinforcements used for the investigations include 
one-dimensional carbon nanofibres (CNFs) and two-dimensional graphene 
nanoplatelets (GNPs). The project explores key parameters for reinforcing the epoxy 
composites with carbon nano-reinforcements, including their weight content, shape 
(one-dimensional and two-dimensional), orientation (random and aligned), and 
alignment techniques (electric- and magnetic-field). The PhD also investigates the 
influence of the alignment of CNFs on the damage detection ability of the CNF-
reinforced epoxy adhesive bonded composite joints.  
The PhD thesis presents a comprehensive review of published research into the 
fracture and electrical properties of nanocomposites and fibre-reinforced composites 
containing carbon nano-reinforcements. Recent advances in techniques for aligning 
carbon nano-reinforcements in composite materials, including mechanical force, 
electric-field and magnetic-field are reviewed. Based on the review, gaps and 
deficiencies in the use of carbon nanomaterials as matrix reinforcements are identified, 
and this forms the basis for the research presented in this thesis. 
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The first research study presented in the PhD thesis explores the fracture 
properties of epoxy composites reinforced with aligned CNFs. The alignment of the 
CNFs in the through-thickness direction is achieved using an alternating current (AC) 
electric-field. The study showed that the addition of just 1.0 wt% of aligned CNFs 
increase the fracture energy by about 1100%. A modelling technique is presented to 
quantify this major increase in the fracture energy with aligned CNFs. The model results 
were in good agreement with the experimentally measured fracture energy. The 
subsequent study into the use of AC electric-field aligned GNP-reinforced epoxy 
composites revealed similar level of improvement in the fracture energy of such 
composites, but at somewhat higher GNP weight fractions.   
The PhD thesis presents a comparative study into the use of aligned one-
dimensional (i.e. CNFs) and two-dimensional (i.e. GNPs) carbon nanomaterial 
reinforced epoxy composites for improving their fracture and electrical properties. A 
detailed fractographic analysis is used to identify the toughening mechanisms induced 
by the CNF and GNP reinforcements leading to the large improvements in the fracture 
energy of the epoxy composites. A mechanistic fracture model is presented to account 
for the fracture energy dissipated via each toughening mechanisms for CNF- and GNP-
reinforced epoxy composites. It was discovered that CNFs are efficient at increasing the 
intrinsic toughness, whereas GNPs are more effective at increasing the extrinsic 
toughness of an epoxy composite. The electrical conductivity studies showed that 
alignment of the CNFs and GNPs lowers the percolation thresholds necessary to achieve 
direct current (DC) conductivity for the epoxy composites. 
A further study investigated the use of electric-field aligned CNFs for improving 
the fatigue resistance of epoxy composites. The CNF-reinforced epoxy composites 
showed a greater resistance to fatigue cracking due to a combination of intrinsic and 
extrinsic toughening mechanisms induced by the CNFs. The fractographic analysis 
revealed that CNFs undergo a unique fatigue induced damage mechanism when 
subjected to cyclic loading. In addition, the PhD thesis investigates the use of CNF-
reinforced epoxy as an adhesive layer to study the possibility of damage detection in 
bonded composite joints subjected to cyclic loading. The improved electrical 
conductivity of the CNF-reinforced epoxy enabled real-time in-situ detection of fatigue 
cracking using a DC potential drop technique. A simple resistivity model is used to 
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correlate the changes in resistance to the adhesive disbond length. During fatigue 
cracking, good correlation was found between the disbond length calculated from the 
resistivity model and the optically observed disbond length. This in-situ technique 
represents a potential alternative for detecting disbond in bonded composite structures. 
In addition to the electric-field aligned CNFs, the PhD project investigates the 
alignment of CNFs using a magnetic-field. The CNFs were first functionalised with 
Fe3O4 nanoparticles, in order to increase their magnetic susceptibility. The improvement 
in the fracture energy and electrical conductivity of the epoxy composites reinforced 
with magnetic-field aligned Fe3O4@CNFs was greater than their random counterparts.  
However, the overall improvement in the fracture and electrical property of epoxy 
composites reinforced with Fe3O4 functionalised CNFs was lower than that reinforced 
with the unfunctionalised CNFs.  
Finally, the delamination resistance of composite laminates containing multi-
scale reinforcements, including CNFs and carbon z-pins were also investigated. The 
study investigated the effects of using through-thickness nano-scale (CNFs) and micro-
scale (z-pin) carbon reinforcements on the delamination resistance of carbon fibre-
epoxy laminates. The delamination toughness of the composite laminate reinforced 
concurrently with CNFs and z-pins increased (by ~400%) in comparison to the control 
laminate, suggesting a synergistic toughening mechanism. Under cyclic loading, the 
multi-scale reinforced laminates also show strong improvement in resistance against 
fatigue delamination growth. The new class of fibre composites with multi-scale 
through-thickness reinforcements offers a unique opportunity to greatly enhance the 
fracture toughness and fatigue resistance, and hence damage tolerance ability of 
advanced fibre composite materials.  
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Chapter 1 
1 Introduction & Motivation 
1.1 Background 
Advanced fibre-reinforced polymer composites are now extensively used in aerospace 
sporting goods, wind turbines, offshore oil and gas production equipment, maritime, 
and civil infrastructures [1]. Increasingly lightweight composites are being applied in 
automotive vehicles and high-performance rail. The carbon-fibre composite materials 
market is still dominated primarily by the aerospace industry, comprising of 69% of the 
total composite shipment value for the fiscal year ending 2015 [2]. For instance, the 
latest generation of commercial aircrafts such as the Airbus 350 and Boeing 787 are 
comprised of more than 50% weight of composite materials. This increased use of 
composite materials in the latest generation commercial aircrafts can be attributed to 
many advantages of fibre-reinforced composites, such as higher specific strength, 
stiffness, resistance to corrosion damage and fatigue cracking than aluminium and other 
alloys commonly found in old generations of aircraft [1]. The primary driving force 
behind this rapid rise in the use of composite materials in commercial aircrafts has been 
the need for lightweighting technology to reduce fuel consumption and to improve 
energy efficiency.  
However, from the data in Figure 1-1, the slower-than-anticipated take-up of 
composite materials in commercial aircrafts in comparison to military aircrafts has been 
attributed to their high cost of certification and relatively low resistance to mechanical 
impact damage from hailstones, bird strikes, tool drops, and runway debris [3], due to 
their low through-thickness strength and fracture toughness [4]. In choosing advanced 
composite materials for airframe applications, it is essential to ensure that there are no 
compromises in the level of safety provided by traditional metallic alloys. A significant 
disadvantage of laminated composite materials is their low through-thickness 
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mechanical because of the lack of reinforcement in that direction. For instance, the 
through-thickness strength of laminated composites is often less than 10% of the in-
plane properties leading to poor impact damage resistance [3].  
 
 
Figure 1-1 : Growth of use of advanced composite in (a) commercial and military 
airframe structures [3]; and (b) Airbus aircrafts [5] 
Thus, in the absence of through-thickness reinforcements, composite laminates are 
designed conservatively so that they can sustain the ultimate design loads in the 
presence of delamination damage induced by accidental impact. Impact damage can 
result from bird strikes, hailstones, and tools dropped during maintenance. The resulting 
delamination damage tends to occur throughout the entire thickness of composite 
laminates leading to degradation in their in-plane mechanical properties under 
compression and bending, as shown in Figure 1-2. This damage is extremely difficult to 
detect, as it is largely hidden below the surface. Delamination damage can also occur 
(a) 
(b) 
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due to high interlaminar loads, edge stresses, manufacturing defects and environmental 
degradation of the composite [6]. Because much of the delamination damage occurs 
beneath the surface, existing non-destructive techniques such as visual inspection and 
ultrasonics are not effective for wide-area damage inspections and for regions that are 
hard to access. For instance, in 2012, Boeing discovered that a manufacturing flaw was 
causing delaminations in the longerons of the tail cone section of its carbon fibre 787 
airframes. Prompting Boeing and its airline customers to inspect all in-service 787 
aircrafts immediately and the delamination damage was confirmed on 3 of the 50 in-
service aircrafts [7]. However, this delamination had remained undetected on the 3 
particular aircrafts during regular in-service inspections and ramp damage check 
performed by maintenance personnel. 
      
Figure 1-2 : Effect of impact energy on the residual (a) tensile and (b) compressive 
strength of carbon fibre-epoxy laminate normalised by the strength of pristine laminate 
[4]. 
Therefore, to ensure continuing safety of the airframe, the Federal Aviation 
Administration’s damage tolerant design regulations specify that delamination damage 
within aircraft composites above a critical size must be immediately repaired or the 
entire damaged structure replaced for continued service [8]. In addition, there are 
stringent aviation safety regulations on monitoring and management of the size of the 
delamination damage [9].  
A further problem with advanced composites is the lack of through-thickness 
electrical conductivity in comparison to the in-plane conductivity of the laminates. The 
low through-thickness conductivity of composites is due to the dielectric nature of the 
(a) (b) 
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polymer matrix. Thus, the traditional electrical non-destructive detection techniques 
such as eddy current and potential drop cannot be used for detecting delamination 
damage. Furthermore, the low through-thickness conductivity of composites and its 
bonded structure presents challenges in protecting of aircraft against lightning strikes 
and electromagnetic interference. Composite airframe lightning strike protection 
currently consists of metallic wire mesh, embedded metallic wire, metallic picture 
frames, diverter strips, metallic foil liners, and bonded aluminium foil, which act as a 
sacrificial layer designed to ablate during a lightning strike [10]. Although this provides 
necessary lightning protection in selected areas, it can partially offset the weight saving 
benefits of using advanced composite materials. If the chosen lightning protection for 
the composite airframe is inadequate, a lightning strike event can lead to structural 
damage as shown in Figure 1-3. Moreover, the repair of damage sustained from 
lightning strikes adds to the maintenance cost of composite airframes [11].  
 
Figure 1-3 : Lightning damage to the outbound and inboard trailing edge wedge of the 
Boeing 787 airframe [10]. 
Matrix cracking is the most pronounced damage initiation mode leading to the 
delamination in composites. Matrix cracks initiate at inter- or intralaminar regions 
experiencing stresses perpendicular to the fibre direction. Thus, delamination damage in 
composites depends to a large extent on the fracture toughness of the matrix. Thermoset 
epoxies are widely used as matrices for manufacturing fibre reinforced composites and 
as adhesives for joining composite components. Polymerization of epoxies results in a 
highly-crosslinked microstructure, providing many desirable properties for structural 
engineering applications such as high modulus and failure strength, excellent adhesion, 
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good performance at elevated temperatures and resistance to chemical and 
environmental degradation. However, due to this highly crosslinked structure, 
thermoset epoxies often have low ductility and toughness leading to poor resistance to 
crack initiation and growth of damage. Thus, particulate reinforced matrices are 
commonly used to improve delamination resistance of composites. Traditional 
techniques to improve the damage tolerance of epoxy polymers are to form a polymeric 
alloy [12] via the addition of thermoplastics [13, 14], rubber tougheners [15-17] or 
silica particles [18, 19]. Although these methods provide significant improvements to 
the toughness, the electrical conductivity remains unchanged because such additives are 
dielectric. Micro-sized carbon pins, commonly referred to as z-pins, have been 
investigated to reinforce composites in the thickness direction [20, 21]. But they are 
effective only for resisting large-scale delamination [20]. 
1.2 Motivation 
In recent years, studies on conductive carbon nano-reinforcements, such as CNTs [22-
24], CNFs [25, 26], and GNPs [27-30], have indicated promising reinforcement 
efficiency as well as the ability to enhance electric properties of epoxy and their fibre 
reinforced composites. Carbon nano-reinforcements are the preferred choice of fillers 
for simultaneously improving the multifunctional properties of composite materials 
owing to their high aspect ratios, large specific surface area and superior mechanical as 
well as thermal and electrical properties. For instance, Figure 1-4a shows the effect of 
particle diameter on their specific surface area for various spherical and fibrous 
particles [31]. This figure indicates that a very small volume content of nanofillers 
provides a huge surface area which would lead to lower percolation thresholds for 
improving the thermal and electrical properties of the polymer composites. Moreover, 
the high aspect ratio of these nano-reinforcements provides effective mechanical 
reinforcement to the polymer composites. As shown in Figure 1-4b, the aspect ratio of a 
nano-reinforcement (fibre or platelet) has a pronounced effect on the composite 
modulus [32]. Several studies have shown that carbon nano-reinforcements can form 
conductive networks in polymeric materials at extremely low weight fractions [33, 34]. 
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These conductive networks show great promise for in-situ health monitoring of 
delamination and disbond damage in composite laminates [35-38] 
   
Figure 1-4 : (a) A comparison of the ratio of surface area and volume for various 
spherical and fibrous particles as a function of the particle diameter [31]. (b) The effect 
of particle aspect ratio on the composite modulus normalised by the matrix modulus 
value and its comparison to the Halpin-Tsai model [32].  
However, a recent review article on various strategies for enhancing the 
properties of laminated fibre composites with carbon nano-reinforcements has indicated 
that the improvement in delamination resistance of the carbon nano-reinforced multi-
scale composites has been much lower than expected [39]. Moreover, these 
improvements are significantly lower in comparison to the enhancements achieved by 
carbon z-pin reinforced composite laminates. For example, just 0.5 vol% carbon z-pin 
reinforcement aligned in the through-thickness of composite laminate can increase its 
mode I steady state delamination fracture energy by up to 280 %, which increases 
further to 1500% at a content of 2 vol% [40]. This finding suggests that aligning the 
carbon nano-reinforcements in the through-thickness direction of the multi-scale 
composite laminate is necessary for achieving a substantial improvement to their 
fracture energy. Indeed, numerical analyses have confirmed that in comparison to 
randomly oriented CNTs, a 3.0 vol% CNTs aligned in epoxy normal to the crack 
growth plane can enhance its toughness by up to 400% [41]. This was experimentally 
demonstrated by Veedu et al. [42], who used chemical vapour deposition (CVD) 
technique to deposit 2.0 wt% of aligned CNT forest onto SiC woven fibre preforms. 
The resultant multi-scale fibre-epoxy composite containing aligned CNT reinforcement 
showed the mode I and II fracture energy enhancement of about 280% and 54% 
(a) (b) 
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respectively. However, the high temperature required for achieving direct CVD growth 
of aligned CNTs onto carbon or glass fibre preforms is well in excess of 750 °C which 
weakens the structural fibres. For instance, the coating of IM7 carbon fibres with CNT 
via direct CVD growth at 800 °C resulted in their tensile strength being reduced by 
about 70% [43]. Thus, the in-plane properties of the resulting multi-scale composites 
could be significantly lower. Unfortunately, there is a dearth of suitable processes to 
align carbon nano-reinforcements along the through-thickness direction of fibre 
reinforced composites.  
In the past decade, the use of electric- and magnetic-fields to align nanoparticles 
in liquid resins, prior to curing, has been reported [44-50]. Under the application of an 
electric- or magnetic-field, the nano-reinforcements may align to form a chain-like 
network in the direction of the external field [51, 52]. The nano-reinforcement can be 
oriented in any desired direction by manipulating and orienting the external field 
direction. Since thermosetting resins, such as epoxy resins, may typically possess a 
relatively low viscosity prior to cure, the application of an electric- and/or magnetic-
field will be able to transform the randomly-oriented carbon-based nano-reinforcements 
to give a highly aligned structure. This mechanism of the self-aligning of conductive 
carbon nano-reinforcements in polymers offers a new opportunity to create multi-scale 
composite structures. The alignment of carbon nano-reinforcements such as CNTs [53], 
CNFs [52] and GNPs [49]  using an electric-field has indeed been reported to improve 
the electrical conductivity of polymers through the formation of a chained network at a 
low content of the nano-reinforcements. In spite of these studies, the effects of electric-
field induced alignment of the nano-reinforcements on the fracture property of its 
composites have not been explored. By aligning the nano-reinforcements in the 
direction perpendicular to the crack propagation path, a greater fraction of the nano-
reinforcement could be expected to participate in fracture toughening mechanisms 
leading to greater improvement in the fracture resistance of epoxy nanocomposites or 
multi-scale fibre composites.  
While an electric-field can be used to align carbon nano-reinforcements in glass 
fibre-reinforced composite, in a carbon fibre composite, the alignment is much difficult 
to realise. The main reason is that the local contact of conductive carbon fibres causes 
local short-circuiting which weakens the electric-field inside the composite, leading to 
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weaker forces for the nano-reinforcements to rotate. However, it is well known that the 
magnetic flux generated in a magnetic-field can penetrate through conductive materials 
such as carbon fibres. Therefore, magnetic-field induced alignment technique offers a 
promising alternative for aligning carbon nano-reinforcements in the through-thickness 
direction of carbon fibre composites which has yet to be explored. However, due to the 
low magnetic susceptibility of carbon nano-reinforcements at room temperature, an 
extremely strong magnetic-field (e.g. of several Teslas) is usually required for their 
alignment which is impractical for manufacturing of composites [54]. Very recently, a 
new method has been reported to functionalise carbon nano-reinforcements with 
magnetic nanoparticles, especially iron-based nanoparticles, so as to facilitate the 
alignment of carbon nano-reinforcements in a polymer matrix without needing to 
employ high magnetic-fields [55]. For instance, magnetite (Fe3O4) decorated CNTs 
have been recently developed and these hybrid nano-reinforcements were successfully 
aligned in an epoxy using a relatively weak magnetic-field of just 0.3 T [55]. Thus, 
these mechanisms of external field induced self-aligning of conductive carbon nano-
reinforcements in polymers offers a new opportunity to create multi-scale composite 
structures with far superior multifunctional properties. 
1.3 Research Aims and Objectives 
The overall research objective of this PhD project is to advance a new enabling science 
for aligning nano-scale carbon reinforcements to improve the fracture and electrical 
properties of epoxy nanocomposites and epoxy matrices in fibre composite materials. 
Two types of carbon nano-reinforcements are investigated: carbon nanofibres and 
graphene nanoplatelets. Two different external field based alignment techniques are 
investigated, namely electric-field and magnetic-field to align both types of carbon 
nano-reinforcements in epoxy composites, particularly in the through-thickness 
direction. In achieving this aim the research work will address the following 
fundamental scientific problems: 
 (i) What are the effects of aligning carbon nano-reinforcements via external 
electric- and/or magnetic-field on the fracture and electrical properties of 
epoxy composites? 
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(ii) Which mechanistic models can be applied in the analysis of the fracture and 
electrical properties of one-dimensional (CNF) and two-dimensional (GNP) 
carbon nano-reinforced epoxy composite? 
(iii) What are the benefits of aligning carbon nano-reinforcements in a composite to 
detect damage via electrical potential drop techniques? 
This proposal presents several new scientific concepts and research methodologies to 
bring about the aforementioned research investigations. The discovery and successful 
development of these new principles and novel processes will break new ground in the 
creation of a new class of damage tolerant fibre-reinforced composites, as well as the 
concurrent development of a new contactless damage detection method taking 
advantage of highly aligned and chained carbon nano-reinforcements. 
1.4 Thesis Outline 
The next chapter presents a comprehensive and critical review of published research 
into carbon nano-reinforced polymer composites. The literature review focuses on the 
effect of fibre orientation on mechanical properties of the fibre composite which 
provide the foundation for this research work. Various strategies used for enhancing the 
fracture resistance of carbon nano-reinforced matrix in nanocomposite and multi-scale 
fibre reinforced composites are reviewed, highlighting the key research gaps that need 
to be addressed. Later, the new emerging techniques for orienting carbon nano-
reinforcements along the through-thickness direction of composites are presented. It is 
then followed by a review of its potential application in improving the damage 
tolerance and detection in carbon nano-reinforced composite materials. 
 Each research chapter in this PhD thesis presents an abstract, introduction, 
description of the experimental methodology, results and discussion, and conclusion 
section. In addition, details of the journal and conference papers arising from the PhD 
research work are listed. This thesis contains published work and some of which has 
been co-authored. Only primary contribution by the author alone towards any co-
authored published work performed as part of research collaboration has been included 
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in this thesis. The complete co-authored publication has been attached in the appendix 
where permitted by the copyright laws.  
 A research investigation into the use of aligned CNFs to improve the fracture 
resistance of epoxy composites is presented in Chapter 3. The effect of CNF orientation 
and concentration on the fracture energy of epoxy composites is experimentally 
determined. An AC electric-field is used to align CNFs in the direction perpendicular to 
the crack propagation path. The alignment of the CNFs in the epoxy is studied via 
TEM. The fracture toughening mechanisms of the CNF-epoxy composites are 
investigated via fractographic analysis. A mechanistic model is presented to calculate 
the fracture energy contribution from each toughening mechanisms identified from the 
fractographic analysis. A similar investigation into the use of aligned GNPs to improve 
the fracture resistance of epoxy composites is presented in Chapter 4. Some notable 
differences in the fracture behaviour and toughening mechanisms of GNP-epoxy 
composites were identified from the fractographic analysis. The findings from the study 
presented in Chapter 3 and Chapter 4 led to a direct comparative investigation into the 
electrical and fracture properties of CNF- and GNP-epoxy composites, which are 
presented in Chapter 5. Additional modelling studies of the electrical property and the 
fracture mechanisms of GNP-epoxy composites and its comparison to CNF-epoxy 
composites are presented in Chapter 5.  
 Chapter 6 presents an investigation into the fatigue resistance CNF-reinforced 
epoxy composites when subjected to mode I cyclic loading. The effects of CNF 
orientation and concentration on the critical and threshold strain energy release are 
determined experimentally. The toughening mechanisms responsible for the 
improvement to the fatigue crack growth resistance of the CNF-reinforced epoxy 
composites are identified from the fractographic analysis. The fractographic studies led 
to the discovery of a unique fatigue induced failure mechanisms in CNFs when 
subjected to cyclic loading. The results from additional in-situ cyclic tests on individual 
CNFs with fatigue damage are presented in Chapter 6. A mechanistic model is 
presented to evaluate the bridging traction behaviour for the CNF undergoing the 
unique fatigue induced failure mechanism. Chapter 7 presents an experimental 
investigation into the use of CNF networks to detect fatigue induced disbond and 
delamination damage in composites. The effects of CNF concentration and orientation 
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on the electrical resistance change arising from the fatigue cracking of the epoxy 
composites are determined experimentally. A simple resistivity model is used to 
investigate the ability of embedded CNF networks to detect and monitor fatigue 
induced disbond in epoxy composite. The electrical resistance measurements are used 
in the resistivity model to characterise the change in disbond length due to fatigue 
cycling.  
 Chapter 8 presents an investigation into the use of low strength magnetic-field 
to align Fe3O4 functionalised CNFs in epoxy composites. The CNFs are first 
functionalised with Fe3O4 nanoparticles using a co-precipitation method developed by a 
research collaborator. The effects of alignment of the Fe3O4 functionalised CNFs on the 
electrical conductivity and fracture property of epoxy composites are experimentally 
determined.  
Chapter 9 presents an experimental investigation into the delamination 
resistance of composite laminates containing multi-scale reinforcements. The study 
investigated the effects of using through-thickness nano-scale (CNFs) and micro-scale 
(z-pins) carbon reinforcements on the delamination resistance of carbon fibre-epoxy 
laminates under quasi-static and cyclic loading. The effect of CNF reinforcements on 
the z-pin pull-out behaviour is determined experimentally. A mechanistic model is 
presented to study the effects of CNF reinforcements on the interface property of z-pins 
and its bridging traction behaviour. The final chapter summarises the main conclusions 
obtained from the research performed in this PhD project and highlights the future 
research areas essential for further investigation into the carbon nano-reinforced 
composites.  
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Chapter 2 
2 Literature Review 
The addition of carbon nano-reinforcement is now a popular strategy utilised in the 
synthesis of composite materials in pursuit of superior multi-functional properties. This 
research effort has led to the publication of over 20,000 journal articles1 including 613 
review articles on carbon nano-reinforcement during the period beginning with the 
advent of carbon nanotube up until the year 2012. Several of these review articles have 
reported a comprehensive overview of research in the context of carbon nano-
reinforced composites focusing on improvement to their mechanical [56, 57], electrical 
[57, 58] and thermal properties [59]; synthesis and processing of carbon nano-
reinforcements [60-62]; fabrication of carbon nanocomposites [63]; fundamental 
aspects of nano-reinforcements [31, 32]; application for sensing [64], battery [65] and 
biomedical technology [65, 66]; and more recently on their application in multi-scale 
fibre reinforced composites [39, 67]. Therefore, the same will not be repeated in this 
chapter but instead, this wealth of knowledge is utilised to present a brief overview of 
the complete set of mechanisms at work in composites that would help in addressing 
the aim to simultaneously improve their damage tolerance and detection capacity. 
The first two part of this review focuses on classical mechanisms of fibre 
reinforced composites and the effect of fibre orientation on mechanical properties of the 
discontinuous-fibre composite which provide the foundation for this research work. In 
the third part of this chapter, the various strategies used for enhancing the fracture 
resistance of carbon nano-reinforced matrix in nanocomposites and multi-scale fibre 
                                                 
1 Scopus search <carbon nano*> or <graphene> and <*composite> www.scopus.com 
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reinforced composites are reviewed which highlights the key research gaps that need to 
be addressed. Later in the final two sections, the new emerging techniques for 
improving the orientation efficiency of the carbon nano-reinforcements are presented 
which is then followed by a review of its current application in improving the electrical 
property and damage detectability of carbon nano-reinforced composites.  
2.1 Strength of Fibre Reinforced Composite 
Prediction of mechanical properties of fibre reinforced composites is a complex but a 
crucial problem. Even in the case of continuous-fibre composites with stress applied in 
the fibre direction, failure may occur in the fibres, in the matrix phase, or at an 
interface. In continuous-fibre composites with a varying ply orientation, failure may 
take place in a tensile or shear mode, even when subjected to tensile stress. 
Furthermore, the nature of failure could be brittle or ductile, and is highly dependent on 
the difference between the strength and toughness of the composite. The prediction of 
strength and toughness of a short-fibre composite system is even more complex. The 
following section outlines a review of the existing theory for predicting strength and 
toughness of fibre composites and highlights the most important parameters that could 
be optimised for further improvement.  
2.1.1 Continuous-Fibre Composites 
The problem of strength prediction is best illustrated in Figure 2-1, wherein we see that 
unlike for stiffness, the strength of short-fibre composite system, even at high aspect 
ratios, is much lower than that for continuous-fibre composites. Moreover, a 
considerable reduction in strength occurs due solely to fibre orientation. In comparison 
to the continuous aligned-fibre system, the strength of a short-fibre composite with 
randomly oriented fibres has dropped by 400%. Therefore, in short-fibre composites, 
the degradation phenomena due to fibre orientation should be well understood for 
successful prediction of the strength and toughness.  
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Figure 2-1 : The effect of fibre aspect ratio and orientation on the stiffness and strength 
of glass fibre-epoxy composites reinforced with (a) continuous-fibre, (b) aligned short-
fibre, and (c) random short-fibre [68]. 
It is appropriate at this point to introduce the widely accepted theory for estimating the 
upper bound for strength of an aligned continuous-fibre system; namely, the rule-of-
mixture expression [69], 
                                                                                    (2-1) 
The strength of the left most system in Figure 2-1 can be reasonably predicted with the 
above relationship (2-1). It is against this upper bound that aligned short-fibre 
composite system performance is generally compared. If the fibres have a random 
orientation distribution, which can occur due to short-fibre composite processing 
variations, the penalty for this must be accounted for, as was first pointed out by Cox 
[70]. 
2.1.2 Short-fibre Composites 
Historically, the prediction of the strength of short-fibre composite systems with a 
random fibre distribution began with the landmark paper by Cox [70], which served as 
the basis for later development of what is now called the “shear lag” theory. Cottrell 
introduced the concept of a critical fibre length, lcr above which the fibre’s ultimate 
strength will be fully realised [68]. The critical fibre principal was further extended by 
Kelly and Tyson [71], which can be utilised to attain up to 95% of continuous-fibre 
composite strength in short-fibre systems if perfect uniaxial fibre alignment can be 
achieved. This theory gives a good approximation of short-fibre composite strength [69, 
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72, 73] by postulating that if the fibres are discontinuous, then the fibre may carry stress 
only by shear transfer process at the interface. This led to the concept of a critical fibre 
length, Lc given by Kelly-Tyson [71], 
   
    
   
            (2-2) 
Other researchers [74, 75] have later proposed a modified expression for the rule of 
mixture by utilising the critical fibre length (i.e. shear lag) theory and the fibre 
orientation efficiency factor originally proposed by Cox as follows: 
                                                                                        (2-3) 
where the fibre orientation efficiency factor and the fibre length factors are given as 
follows: 
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The above expression suggests that in addition to the strength reduction due to fibre 
discontinuity, there is an additional penalty of 600% if the fibres are randomly oriented 
in a three-dimensional volume of matrix. Therefore, any attempts to improve the 
existing fibre-reinforced composite should consider the influence of fibre orientation on 
the mechanical properties of the composites.  
2.1.3 Nano-carbon Reinforced Composites 
In recent years, the advent of nano-scale carbon reinforcements such as carbon 
nanotube (CNT), carbon nanofibre (CNF) and graphene nanoplatelet (GNP) have 
shown tremendous potential for improving the mechanical, thermal and electrical 
properties of polymer composites. Carbon nano-reinforcements are the preferred choice 
of fillers for improving the multifunctional properties of composite materials owing to 
their high aspect ratios, immense specific surface area and superior mechanical as well 
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as thermal and electrical properties. For instance, Figure 1-4a shows the effect of 
particle diameter on the specific surface area for various spherical and fibrous particles 
[31]. This figure shows that a very small volume content of nanofillers provides a huge 
surface area which would lead to lower percolation thresholds for improving the 
thermal and electrical properties of the polymer composites. Moreover, the high aspect 
ratio of these nanofillers leads to an improved filler efficiency factor in Eq. (2-3), 
thereby providing effective mechanical reinforcement of the polymer composites. As 
shown in Figure 1-4b, the aspect ratio of a nanofiller (fibre or platelet) has a 
pronounced effect on the composite modulus [32]. According to the shear lag theory 
discussed earlier, for effective reinforcement of the composite, the nano-reinforcements 
ought to have high aspect ratio for efficient transfer of stress from matrix to the nano-
reinforcements [76].  
Despite the carbon nano-reinforcements possessing all the necessary attributes 
for providing effective mechanical reinforcement for polymer composites, the 
improvement to the stiffness and strength of nanocomposite has been much lower than 
originally predicted. Ajayan et al. [77] had first suggested that the alignment of the 
nano-reinforcements in the loading direction is essential to realistically transfer their 
remarkable properties to a polymer matrix. Indeed, numerical analyses have confirmed 
that 1.0 vol% aligned CNTs should increase the stiffness of an epoxy by about 300% 
[26] in the alignment direction. However, the mechanical properties of CNT composites 
have been much lower than predicted due to several obstacles, such as low CNT 
loading, poor interfacial bonding, short CNT length and lack of preferential alignment. 
The experimental work by Cheng et al. [78, 79] has successfully demonstrated that 
composites with aligned CNTs can have significantly improved stiffness and strength in 
comparison to their random counterparts. They reported that the stiffness and strength 
of the aligned CNT composite were higher by about 800% and 400% respectively, in 
comparison to the composite containing randomly-oriented CNTs [80]. Thus 
confirming the macro-mechanics principles (i.e. Eq. 2-3) developed for short-fibre 
composites are applicable for optimising the mechanical performance of the nano-
reinforced composites. More recently, Wang et al. [81] have reported a novel (see 
Figure 2-2a-b) approach for processing high volume fraction aligned CNT-polymer 
composites. As can be seen in Figure 2-2c-d, the resultant aligned CNT-polymer 
composites possessed far superior specific strength in comparison to the existing high-
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strength carbon fibre-reinforced polymer composites. Therefore, the effects of the 
orientation of carbon nano-reinforcements in the epoxy composites should be carefully 
consider for any future study aimed at improving their mechanical properties.  
 
Figure 2-2 : (a-b) Schematic illustration of the experimental setup for the stretch-
winding process to fabricate high volume fraction aligned CNT polymer matrix 
composites [81]. (c-d) Comparison of the tensile strength and stiffness of various high 
performance carbon fibre-epoxy composites to the stretch-wound aligned CNT-epoxy 
composite studied by Wang et al. [81].  
2.2 Toughness Problem in Fibre Composites 
The fracture toughness of fibre composites is probably one of the most complex and the 
least understood of all the mechanical responses. For most composites, including short-
fibre composites, it is believed that as the strength increases, the toughness decreases 
[82]. Although this is generally the case for continuous-fibre reinforced brittle matrix 
composites, it is not always true for short-fibre reinforced polymer composites and 
particulate filled systems. The fracture toughness of a short-fibre composite is 
dependent on many factors including, strength of the reinforcing fibres and matrix; 
(b) 
(a) (c) 
(d) 
Random CNT composite 
Wang et al. Aligned CNT 
Wang et al. Aligned CNT 
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aspect ratio, length distribution, volume fraction, uniformity and orientation of the 
fibres; the integrity of the fibre-matrix interface and the interfacial bond strength [82]. 
In this chapter, theories of fracture toughness of composites concerning micro-failure 
mechanisms which make up the total work of fracture are discussed with a particular 
emphasis on how the fracture toughness of composites is affected by the fibre 
orientation and length distribution.  
2.2.1 Origins of Fracture Resistance in Fibre Composites 
As a crack moves through a matrix containing fibre reinforcement, the following micro-
failure mechanisms may be expected to operate: (i) matrix fracture, (ii) fibre-matrix 
interface debonding, (iii) post-debonding fibre pull-out, (iv) fibre fracture, (v) stress 
redistribution, etc. By considering the sequence of microscopic fracture events that lead 
to the propagation of a macroscopic crack under monotonically increasing loads, we 
can characterise the origins of fracture toughness in composites.   
Fibre-matrix Interface Debonding 
In a composite which features fibres with much greater fracture strain than that of 
matrix (i.e      ), the fibre and matrix deform differentially when subjected to a 
monotonically increasing load. This strain differential at the fibre-matrix interface 
causes the build-up of interfacial shear stresses; which eventually leads to the interfacial 
debonding once the shear stresses exceed the total static interfacial shear strength. The 
interface strength is specific to each fibre-matrix system. It is dependent on the nature 
of bonding mechanisms which in turn is influenced by the chemical properties of the 
fibre as well as on the molecular conformation of the matrix [82]. The primary interface 
bonding mechanisms as highlighted by Hull [83] includes, van der Waals attraction, 
hydrogen bonding, adsorption and wetting, interdiffusion, electrostatic attraction, 
chemical bonding and mechanical bonding. Therefore, the fracture energy released 
during interfacial debonding is dependent on the fracture toughness of the interface and 
the fibre geometry as follows [83]: 
     
       
  
                                                      (2-4) 
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Post-debonding Frictional Pull-out 
After interfacial debonding, the fibre and matrix move relative to each other as the 
crack continue to propagate. According to the shear lag theory which was originally 
proposed by Cottrell-Kelly [69], the energy dissipated during the pull-out of the fibre 
from the matrix is equal to the work done by the friction shear stress times the 
differential displacement between fibre and matrix. By assuming the friction shear 
stress to be constant over a fibre pull-out distance, the frictional pull-out energy is given 
by [82], 
            
           
  
                                          (2-5) 
The fibre pull-out length is difficult to determine with accuracy from images of the 
fracture surfaces, particularly for samples with a relatively high fibre volume fraction. 
Also, relatively long fibres are expected to rupture at the crack plane, since their 
embedded lengths on either side of the crack plane are long enough for the stress in the 
fibre to build up sufficiently to break them. Two outcomes are possible depending on 
the length of the embedded fibre: (i) the fibre pull-out when its length is equal to or 
shorter than the critical length given by the classical Kelly-Tyson [2,51] formula given 
by Eq. (2-2), or (ii) the fibre ruptures when its length is longer than the critical length.  
For the first possible outcome, when the length of the embedded fibre is less than the 
critical fibre length, we substitute lpo = l / 2 in Eq. (2-5), 
            
         
   
  for l < Lc     (2-6) 
However, if the fibre length is greater than the critical length given by Eq. (2-2), then 
the longest possible pull-out length of the fibre is equal to half the critical fibre length 
as given by the Kelly-Tyson formula [71]: 
     
    
   
                                                                                        (2-7) 
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Therefore, when the length of the embedded fibre is equal to the critical fibre length, by 
substituting Eq. (2-7) into Eq. (2-6) we get the estimate of the pull-out energy in terms 
of the inherent properties of the composite as follows: 
            
      
   
   
  for l = Lc     (2-8) 
The energy dissipation via fibre pull-out is the most dominant toughening 
mechanism in fibre composites and it promotes fibre bridging zones behind the crack 
tip. On the contrary, if the composite contains fibres with lengths greater than the 
critical fibre length, then a large fraction of fibres will rupture; and the fraction of fibres 
which can be pulled out is reduced by Lc/l (on the basis of normal probability) with lpo 
ranging from 0 to Lc/2. Hence, the pull-out fracture energy is then given by, 
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)  for l < Lc    (2-9) 
From the above expression, it can be seen that the fracture energy contribution from 
fibre pull-out increases as the critical fibre length (i.e. Lc =         ) is increased. This 
implies that the fracture energy from fibre pull-out increases when    is made smaller. 
Wagner et al [84] gave a graphical representation of the effect of interface strength on 
the fracture energy contribution from fibre pull-out, as can be seen in Figure 2-3.  
 
Figure 2-3 : Effect of reinforcement length on the pull-out energy when the level of 
adhesion is doubled [84].  
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Fibre Rupture Energy 
The probabilistic approach outlined above overestimates the energy dissipation due to 
fibre pull-out for the case when the embedded fibre length is much greater than the 
critical fibre length. In fact, the actual energy dissipation during fibre rupture is much 
smaller [85] and is given by, 
           
               
 
  
      
    
    
                 (2-10) 
If the fracture energy dissipation mechanisms described above co-exist, then by adding 
the fracture energy contribution of the matrix, the total fracture energy of the composite 
can be estimated by Eq. (2-11). If any of the above mechanism is absent, the 
corresponding toughness term must be excluded from the fracture energy estimate.  
        
    
   
   
 
    
    
    
 
       
  
                (2-11) 
2.2.2 Effects of Fibre Orientation on Toughness of Short-
fibre Composites 
The above micro-mechanical fracture theories do not account for the penalty due to the 
fibre orientation. As was highlighted earlier in section 2.1, there is a severe knockdown 
in the strength of composites with randomly-oriented fibres; and a similar penalty must 
be imposed on the fracture toughness estimates for a random fibre orientation 
distribution. Wetherhold and Jain [86, 87] first developed a probabilistic theoretical 
micro-mechanical interpretation of the work of fracture in short-fibre reinforced 
composites which accounts for the influence of the reinforcing fibre orientation. Fu and 
Lauke [88] have extended this work to incorporate the influence of the reinforcing fibre 
length distribution. The key findings from their model are presented here to highlight 
the major influence of fibre orientation on the fracture toughness of composites.  
The fracture energy from fibre pull-out mechanism is largely dependent on the 
critical fibre length which is a function of fibre strength (see Eq. 2-2). Let’s first 
examine the effects of fibre misalignment angle on the single fibre fracture strength. 
When a fibre is pulled out of the matrix at an angle with respect to the loading 
direction, the fracture stress of the fibre is reduced. This is due to the additional flexural 
22 
 
stress resulting from the fibre curvature close to the crack face known as “snubbing” 
friction effect [89].  
Later work by Khatibzadeh and Piggott [90] experimentally investigated the 
effect of a fibre orientation on the fracture strength of individual fibre via single fibre 
pull-out tests. Figure 2-4 shows the effect of fibre orientation angle on the fracture 
strength of various fibre types. This figure shows that the fibre breaking stress 
decreases quite steeply with increasing angle. The reduction in fracture strength of 
misaligned fibres would lead to a much smaller critical pull-out length which would 
result in a steep decline in the fracture energy dissipation from fibre pull-out 
mechanism according to Eq. (2-9).  
 
Figure 2-4 : Fibre strength as a function of the pull-out angle [90]. 
The result in Figure 2-4 led to the concept of 50% angle, which is defined as the angle 
at which there is about 50% reduction in the fracture strength of the fibre. Fu and Lauke 
[88] used this concept to evaluate the fibre pull-out energy by establishing a new 
definition for the critical fibre length of misaligned fibres given by the following 
expression: 
     
       
      
                   (2-12) 
Fu and Lauke [88] introduced two probability density functions, one for modeling the 
effect of the fibre-length and the other for fibre-orientation distributions. In addition, 
the fibre pull-out energy was derived by also considering the snubbing-friction effect 
23 
 
and the inclined fibre-strength effect given by Eq. (2-13). Their final expression derived 
for evaluating the fibre pull-out energy of short fibre composites is given by, 
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In the above expression, f(L) and g(  ) are the fibre-length and fibre-orientation 
distribution; while the interfacial friction shear stress was assumed to be of the 
following form, 
                                   (2-14) 
where   is the fibre displacement during pull-out. 
In summary, the derivation of Eq. (2-13) has the following logical order for evaluating 
the pull-out energy. For a given fibre orientation angle, first, the modified fibre critical 
length is evaluated. Second, the fibre pull-out energy is integrated over a fibre-length 
distribution. Finally, the composite fibre pull-out energy is estimated by applying a 
spatial fibre-orientation distribution.  
Fu and Lauke [88] demonstrated the influence of each parameter in Eq. (2-13) 
on the fibre pull-out energy by fixing the remainder of the parameter. Let’s first 
examine the advantage of having fibre with a random orientation distribution in a 
composite. Figure 2-5 shows the influence of the snubbing friction coefficient on the 
fibre pull-out energy as a function of the mean fibre length when the fibre loading angle 
is equal to 33 degrees. The shape of the curves (a-e) in Figure 2-5 which is given by Eq. 
(2-13) is similar to that shown earlier in Figure 2-3 wherein the peak fibre pull-out 
energy corresponds to the critical fibre length.  
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Figure 2-5 : Fibre pull-out energy as a function of mean fibre length for various 
snubbing friction coefficients : (a) µ= 0, (b) µ = 0.25, (c) µ = 0.5, (d) µ = 0.785 and (e) 
µ = 1 [88]. 
 
Figure 2-6 : Fibre pull-out energy as a function of mean fibre length for various 
snubbing friction coefficients : (a) θ = 0, (b) θ = 33o and  (c) θ = 45o [88]. 
In Figure 2-5 the fibre pull-out energy increases with the snubbing friction coefficient. 
This is due to the increase in the pull-out load as a result of the increased snubbing-
friction effect. It is believed that the greater the fibre misalignment angle, the higher the 
snubbing-friction effect. Therefore, somewhat higher fibre pull-out energy is realised 
with fibre misalignment angle. But as the mean fibre length increases to a certain value, 
the fibre pull-out energy is very similar for all values of snubbing friction coefficient as 
can be seen from the crossover points A and B in Figure 2-5. However, if the fibre 
length is equal to or greater than the critical fibre length, the highest pull-out energy 
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corresponds to the lowest snubbing friction coefficient (i.e. curve-a) which is for the 
aligned fibre case. Thus, fibre misalignment angle provides little beneficial 
improvement to the fibre pull-out energy. In comparison, the advantage of having a 
perfect fibre alignment in a composite can be seen from the Figure 2-6, wherein the 
maximum fibre pull-out energy corresponds to the fibres aligned in the loading 
direction (i.e curve-a). However, if the fibres are aligned at an angle of 33 degrees (i.e. 
curve-b) to the loading direction, then the fibre pull-out energy is reduced to about half; 
a seemingly large penalty for a small misalignment. This significant penalty is not only 
due to the lower probability of the crack encountering the fibres, but is also due to the 
increase in interfacial shear stress and the corresponding reduction in the critical fibre 
pull-out length when the fibre is oriented at an angle to the loading direction.  
 
2.2.3 Problem of Delamination Resistance and Detection in 
Continuous-fibre Composites 
In this section, a review of the traditional techniques and recent development towards 
improving the delamination resistance of fibre composite laminates is presented. The 
problem of fracture resistance in composite laminates with continuous multi-directional 
fibre reinforcement is even more complicated and there is no simple unified theory 
which can be applied to predict their fracture toughness. In the absence of through-
thickness reinforcement, continuous fibre reinforced composite are susceptible to 
delamination cracking due to the inherent low strength and fracture toughness of the 
polymer matrix and fibre-matrix interface. Delamination damage can result from high 
interlaminar loads, impact or environmental degradation of the composite. The growth 
of delamination is a major concern for designing composite structures. It is the most 
prevalent life-limiting damage mode which has become one of the major obstacles to 
the application of advanced composite materials in primary structural applications. 
Although delamination may not lead to catastrophic failure of a component, it can have 
a significant influence on residual strength and fatigue life of the structure.  
Delamination damage can grow under relatively low cyclic interlaminar stresses 
caused by the fatigue loading of the composite. A major safety concern is that when 
subjected to cyclic loading, the delamination can grow almost undetected due to fatigue 
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until they are long enough to cause catastrophic failure of the composite structure.  For 
instance, experimental [91, 92] and numerical [93-95] studies have shown that impact-
induced delamination damage can significantly reduce the tensile and compressive 
properties of composites. The Federal Aviation Administration’s damage tolerant 
design regulations specify that delamination damage within aircraft composites above a 
critical size must be immediately repaired or the entire damaged structure replaced for 
continued service [8]. Besides, there are stringent aviation safety regulations on 
management of critical size of the delamination damage [9]. The critical size depends 
on several parameters including the properties of the structural material, loading, 
geometry of the structure; and most importantly the technique utilised for detection and 
monitoring the damage site. Detection of damage in a composite structure is currently 
limited to ultrasonic, radiography and acoustic emission techniques which can only be 
performed during scheduled maintenance intervals [96]. The visual inspections 
performed during daily service of an aircraft structure cannot detect delamination 
cracks due to their hidden nature. Moreover, the traditional electrical based non-
destructive detection techniques such as potential drop and eddy current cannot be used 
due to the lack of through-thickness conductivity in composites owing to the dielectric 
property of the polymer matrix. Thus, the problem of delamination resistance and 
detection in continuous-fibre reinforced composites is dominated by the fracture 
toughness and electrical conductivity of the matrix phase. Therefore, to address the 
issue of delamination resistance and detection in fibre composites, it is advantageous to 
simultaneously improve the fracture toughness and electrical conductivity of the 
polymer matrix.  
2.3 Fracture Resistance of Epoxy Composites with 
Carbon Nano-reinforcements 
Matrix cracking is the most pronounced damage initiation mode leading to the 
delamination in composites. Matrix cracks initiate at inter- or intralaminar regions 
experiencing stresses perpendicular to the fibre direction. As the load is monotonically 
increased or cycled, matrix cracks in adjacent plies connect by growing short cracks 
along the matrix rich interface regions. The subsequent growth and coalescence of 
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interfacial cracks lead to the development of delamination. Delamination damage in 
composites depends to a large extent on the fracture toughness of the matrix. Thus, 
particulate reinforced matrices are commonly used to improve delamination resistance 
of composites. Thermoset epoxies are widely used as matrices for manufacturing fibre 
reinforced composites and as adhesives for joining composite components. 
Polymerization of epoxies results in a highly-crosslinked microstructure, providing 
many desirable properties for structural engineering applications such as high modulus 
and failure strength, excellent adhesion, good performance at elevated temperatures and 
resistance to chemical and environmental degradation. However, due to this highly 
crosslinked structure, thermoset epoxies often have low ductility and toughness leading 
to poor resistance to crack initiation and growth of damage. Therefore, despite offering 
many desirable properties, thermosetting polymers typically exhibit a low electrical 
conductivity and fracture toughness.  
Traditional techniques to improve the damage tolerance of epoxy polymers are 
to form a polymeric alloy [12] via the addition of thermoplastics [13, 14], rubber 
tougheners [15-17, 97] or silica particles [18, 19]. The addition of thermoplastics and 
rubber tougheners can yield a significant increase of up to 500% in the fracture energy 
of the epoxy [98, 99]. However, the inclusion of soft phase such as thermoplastics and 
rubber tougheners can also cause a reduction in the stiffness of the epoxy [98, 100]. In 
comparison, rigid inclusions such as silica particles can simultaneously improve the 
stiffness and toughness [101]. The large improvement in the toughness of particulate 
filled epoxy is due to several toughening mechanisms [12, 19, 99, 101] involving, (1) 
shear band formation near the particles; (2) cavitation, (3) stretching, (4) debonding and 
(5) fracture of soft rubber particles; crack (6) bridging, (7) pinning, (8) deflection and 
(9) crazing by hard particles; and (10) epoxy void growth around debonded particles. 
The level of improvement depends on the type of filler, particle size and shape, volume 
fraction, particle-matrix interface and the test environment [101]. Although these 
methods provide significant improvements to the toughness, the electrical conductivity 
remains unchanged because such additives are dielectric. More recently, studies on 
conductive carbon nano-reinforcements, such as carbon nanotubes (CNTs) [7–9], 
carbon nanofibres (CNFs) [10–12] and graphene nanosheets (GNPs) [13,14], have 
shown significant promise to increase the toughness of epoxy polymers, as well as the 
ability to improve their electric conductivity [24].  
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In the following sections, first, the effects of carbon nano-reinforcements on the 
fracture toughness and toughening mechanism of epoxy-based nanocomposites are 
discussed.  It is followed by a review of the improvement to the delamination resistance 
of fibre reinforced composites containing carbon nano-reinforcements.  
2.3.1 Carbon Nano-reinforcement of the Epoxy Matrix 
Fracture Properties 
At present various types of carbon nano-reinforcements such as single, double or multi-
walled CNTs, CNFs and GNPs have been investigated for their abilities to enhance the 
fracture resistance of epoxy composites. They have been primarily studied in the 
framework of a bulk matrix containing carbon nano-reinforcements which are referred 
to as “epoxy nanocomposite”. In this section, a brief review of the effect of different 
types of carbon nano-reinforcement on the fracture resistance and the corresponding 
toughening mechanisms in epoxy nanocomposites are presented. Many studies have 
reported moderate to substantial improvement in the fracture resistance of the epoxy 
nanocomposite containing one- or two-dimensional carbon nano-reinforcements and 
these results are listed in Table 2-1. The reference to the results in Table 2-1 will be 
based on the weight fraction of the carbon nano-reinforcements which are divided into 
three categories namely, low for 0.1-0.25 wt%, intermediate for 0.3 to 0.75 wt% and 
high for 0.8-5.0 wt%.  
As can be seen in Table 2-1, few studies have investigated the fracture 
toughness of epoxy nanocomposites reinforced with SWCNTs. The toughness of epoxy 
nanocomposites containing low content (i.e. 0.1-0.3 wt%) of SWCNTs show meagre 
improvement. For instance, Gojny et al. [102] found that at 0.3 wt%, the toughness of 
epoxy reinforced with SWCNTs was almost half of that observed for DWCNTs or 
MWCNTs. However, the tensile stiffness and strength of SWCNT-epoxy 
nanocomposite were similar or better than the other types of CNTs.  
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Table 2-1: The fracture property of carbon nano-reinforced epoxy composites (SW, 
single wall; DW, double wall; CNF, carbon nanofibres; GNP, graphene nanoplatelets; 
US, ultrasonication; 3RM, three-roll-milling).  
Source Nanofiller  Content (wt%) Dispersion Property Improvement (%) 
Rafiee et al. [103] SWCNT 0.1 US KIc 13 
Gojny et al. [102] SWCNT 0.1 3RM KIc 23 
Gojny et al. [102] SWCNT 0.3 3RM KIc 12 
Sun et al. [104] SWCNT 1.0 US KIc 18 
Gojny et al. [105] DWCNT 0.1 3RM KIc 18 
Gojny et al. [102] DWCNT 0.3 3RM KIc 41 
Rafiee et al. [103] CNT 0.1 US KIc 18 
Gojny et al. [102] CNT 0.3 3RM KIc 31 
Hsieh et al. [106] CNT 0.1 US GIc 22 
Hsieh et al. [106] CNT 0.3 US GIc 41 
Thostenson et al. [107] CNT 0.25 3RM KIc 75 
Sumfleth et al. [108] CNT 0.3 3RM KIc 7 
Hsieh et al. [106] CNT 0.5 US GIc 68 
Sumfleth et al. [108] CNT 0.5 3RM KIc 17 
Chatterjee et al.  CNT 0.5 3RM KIc 80 
Thostenson et al. [107] CNT 0.5 3RM KIc 65 
Thostenson et al. [107] CNT 1.0 3RM KIc 65 
Tang et al. [109] CNT 1.0 3RM GIc 130 
Yu et al. [110] CNT 1.0 US KIc 34 
Yu et al. [110] CNT 3.0 US KIc 66 
Zhang et al. [111] CNF 0.22 3RM GIc 18 
Zhang et al. [111] CNF 0.45 3RM GIc 35 
Palmeri et al. [112] CNF 0.68 US GIc 113 
Zhang et al. [111] CNF 0.9 3RM GIc 41 
Zhang et al. [111] CNF 1.35 3RM GIc 37 
Rafiee et al. [103] GNP 0.1 US KIc 54 
Chatterjee et al. [113] GNP 0.1 3RM KIc 53 
Bortz et al. [114]  GNP 0.1 3RM KIc 26 
Bortz et al. [114]  GNP 0.25 3RM KIc 50 
Ma et al. [115]  GNP 0.25 US GIc 75 
Ma et al. [115]  GNP 0.5 US GIc 115 
Bortz et al. [114]  GNP 0.5 3RM KIc 60 
Chatterjee et al. [113] GNP 0.5 3RM KIc 63 
Chatterjee et al. [113] GNP 1.0 3RM KIc 70 
Table 2-1: Continued on next page 
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Bortz et al. [114]  GNP 1.0 3RM KIc 60 
Chatterjee et al. [113] GNP 2.0 3RM KIc 80 
Zaman et al. [116] GNP 2.5 US GIc 100 
Zaman et al. [116] GNP 4.0 US GIc 210 
Zaman et al. [116] GNP 6.0 US GIc 200 
This can be explained by considering the influence of CNT aspect ratio and surface area 
on its reinforcing efficiency. As can be seen in Figure 1-4a, SWCNTs typically possess 
the highest aspect ratio and surface area amongst the family of one-dimensional carbon 
nano-reinforcement. Although this is highly advantageous for improving the stiffness 
and strength of the epoxy nanocomposites, it is detrimental for enhancing their 
toughness. According to Eq. (2-3), higher aspect ratio reinforcements are more efficient 
at improving the stiffness and strength. But according to the theory of fracture 
mechanics discussed in Section 2.2.1, if the length of reinforcement exceeds the critical 
length, then they will rupture instead of pull-out. The process of fibre pull-out dissipates 
much greater amounts of energy in comparison to their rupture and this effect can be 
seen from Figure 2-3. Moreover, at a higher weight fraction i.e. 1.0, the agglomeration 
of the SWCNTs from Van der Waals attraction due to their high surface area leads to 
no further improvement as was later observed by Sun et al. [104]. The problem of 
property degradation due to CNT agglomeration is commonly found in epoxy 
nanocomposites.  
 
Figure 2-7 : Effect of the three-roll-mill calendering shear rate on the fracture toughness 
of the CNT-epoxy nanocomposite as a function of CNT content. 5 µm and 10 µm 
correspond to the gap size leading to the high and low shear rates, respectively [107]. 
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As can be seen from Figure 2-7, as the CNT weight fraction is gradually increases, 
there is a sharp rise in the fracture toughness corresponding to an intermediate level of 
CNT concentration. However, at higher CNT weight fractions, there is no further 
improvement in the fracture toughness of the CNT-epoxy nanocomposite but instead, 
there occurs a reduction due to the agglomeration of CNTs. Moreover, if the severity of 
the dispersion process is increased to achieve a homogeneous dispersion of CNTs, there 
occurs about 50% reduction in the peak fracture toughness improvement corresponding 
to the intermediate CNT weight fraction (see Figure 2-7). This is due to the unavoidable 
damage to the CNTs from the excessive shear rates or prolonged exposure to the shear 
forces [117]. The preservation of the length of the nano-reinforcement during 
dispersion process is crucial for improving the fracture toughness of the epoxy 
nanocomposites as was demonstrated by Thostenson et al. [107]. This is because when 
the length of the reinforcement is smaller than the critical fibre length, the pull-out 
energy which is given by Eq. (2-6) increases as the square of the reinforcement length. 
Therefore, any reduction in the length of the carbon nano-reinforcements caused by 
their damage during dispersion process would lead to a significant reduction in the 
energy dissipation via the pull-out mechanism. Thostenson et al. [107] have shown that 
if the CNTs are subjected to excessive shear rates during the three-roll-mill calendering 
process, the improvement in the fracture toughness of the resulting CNT-epoxy 
nanocomposite is reduced by about 50%, as can be seen in Figure 2-7. A similar effect 
would also be expected for CNT-epoxy nanocomposites prepared by the ultrasonication 
process. Many of the epoxy nanocomposite properties can be significantly affected by 
the process used to disperse the nano-reinforcements. The effect of the selected 
dispersion process on the electrical and mechanical properties of epoxy nanocomposites 
has been extensively studied by Ma et al. [63]. As can be seen in Table 2-2, five 
primary dispersion methods are typically employed for preparing polymer 
nanocomposites, namely ultrasonication, calendering, ball milling, shear mixing and 
extrusion. The suitability of each of this dispersion process is specific to the type of 
polymer nanocomposite and the viscosity of the mixture. As can be seen from Table 
2-1, ultrasonication and three-roll-mill calendering are the most common of all 
dispersion processes employed for preparing epoxy nanocomposites. The comparative 
study of all these dispersion processes by Ma et al. [63] has demonstrated that the 
calendering process has the least detrimental effect on CNTs and the mechanical, 
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electrical and thermal properties of the resulting nanocomposites. This is also apparent 
from Table 2-1 wherein for specific weight fraction of a carbon nano-reinforcement, a 
somewhat larger improvement to the fracture toughness can be observed for the epoxy 
nanocomposites prepared with the three-roll-mill calendering process. Moreover, 
ultrasonication has been reported to cause microstructural changes as well as surface 
defects in CNTs [118].  
As can be seen from Table 2-1, very few studies have reported the use of CNFs 
to improve the fracture toughness of epoxy nanocomposite. This is surprising because 
CNFs have been shown to be equally effective at improving the fracture toughness of 
epoxy nanocomposites. For example, Palmeri et al. [22] demonstrated that the addition 
of just 0.68 wt% CNFs improved the fracture toughness of an epoxy by about 112%. 
While the highest improvement in the fracture toughness of 1 wt% CNT-epoxy 
nanocomposite was reported to be about 130%.  CNFs may be an excellent alternative 
to CNTs due to their wide availability and lower cost [59]. Instead, some recent studies 
have attempted to improve the fracture toughness of epoxy composites by reinforcing 
them with the two-dimensional GNPs. Epoxy nanocomposites reinforced with low GNP 
weight fractions (0.1 and 0.25 wt%) have shown promising reinforcing capability with 
fracture toughness improvement of up to 55%. From Table 2-1 it can be seen that for a 
low weight fraction GNP reinforcement, the level of improvement to the fracture 
toughness of epoxy nanocomposites is twice of what has been achieved with any type 
of CNT or CNF reinforcements. Indeed, the comparative study of the reinforcing 
effects of different type of CNTs and GNPs by Rafiee et al. [103] have also shown that 
better level of improvement to the fracture toughness of epoxy nanocomposite can be 
achieved with low fractions of GNP. Whereas, Zaman et al. [116] have shown that the 
fracture toughness of epoxy nanocomposites could be enhanced by up to 200% by using 
a high (4 and 6 wt%) weight fraction of surface functionalised GNP reinforcements. 
Although, the improvements listed in Table 2-1 for carbon nano-reinforcements are 
impressive; they are significantly lower than the 900 % increase in fracture toughness 
reported for nano-silica [119] and rubber particle modified epoxy polymers [99]. But 
the use of carbon nano-reinforcements can simultaneously improve the electric 
conductivity and mechanical properties, unlike nano-silica and rubber particles.  
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Table 2-2 : Comparison of various techniques for dispersing nano-reinforcement in polymer matrix [63] 
Technique Factor    
Damage to CNTs Suitable polymer matrix Governing factors Availability 
Ultrasonication Yes Soluble polymer, low viscous 
polymer or oligomer, monomer 
Power and mode of sonicator, 
sonication time 
Commonly used in lab, easy 
operation and cleaning after use 
Calendering No. CNTs may be 
aligned in matrix 
Liquid polymer or oligomer, 
monomer 
Rotation speed, distance 
between adjacent rolls 
Operation training is necessary, 
hard to clean after use 
Ball milling Yes Powder (polymer or monomer) Milling time, rotation speed, 
size of balls, balls/CNT ratio 
Easy operation, need to clean 
after use 
Shear mixing No Soluble polymer, low viscous 
polymer or oligomer, monomer 
Size and shape of the propeller, 
mixing speed and time 
Commonly used in lab, easy 
operation and cleaning after use 
Extrusion No Thermoplastics Temperature, configuration and 
rotation speed of the screw 
Large-scale production, operation 
training is necessary, hard to 
clean use 
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Toughening Mechanisms 
Many of the studies listed in Table 2-1 have reported  the improvement in the fracture 
toughness of carbon nano-reinforced epoxy nanocomposites due to several toughening 
mechanisms [12, 19, 99, 101] involving, (1) debonding of the nano-
reinforcement/matrix interface; (2) inelastic matrix deformation and void growth 
around debonded nano-reinforcement; (3) crack pinning and deflection; (4) crack tip 
blunting; (5) nano-reinforcement pull-out and subsequent crack bridging; and (6) nano-
reinforcement rupture. A typical featureless and smooth fracture surface is reported for 
the unmodified epoxy which is indicative of a very brittle fracture [106, 116]. In 
contrast, the carbon nano-reinforced epoxy nanocomposites show a distinct whitening 
of the polymer along the crack initiation lines on the fracture surface. Examination of 
these regions using the SEM reveals a pattern of tear marks, which provides evidence of 
plastic deformation of the epoxy polymer along the line of crack initiation [116]. The 
size of the stress-whitened region is reported to increase with the weight fraction of the 
nano-reinforcement [116]. The increase in the severity of the tear marks and the 
roughness with increasing nano-reinforcement content is indicative of the crack pinning 
and deflection process promoted by the nano-reinforcements [107, 116]. During crack 
deflection around the nano-reinforcements, the tilting and twisting of the crack front 
lead to the local crack propagation under mixed mode conditions which require higher 
driving force. This process promotes higher fracture toughness of the epoxy 
nanocomposite [103]. Rafiee et al. [103] have observed that nano-reinforcement with 
higher aspect ratio or two-dimensional (i.e. GNPs) geometry are more effective at 
promoting the crack deflection process.  
In addition, a greater contribution to fracture energy dissipation is almost always 
observed to be due to a significant number of nano-reinforcements being pulled-out 
from the epoxy. Moreover, the CNF-epoxy nanocomposites have shown evidence of 
uncoiling of the CNFs due to their unique helical graphene structure [120-122]. The 
uncoiling has also been previously observed using TEM, revealing a nanoribbon of 
graphene uncoiling from the CNFs [120]. This phenomenon is reported to dissipate 
additional amounts of energy in CNF-epoxy nanocomposites [112] and is believed to 
promote crack bridging at much higher crack opening displacement via uncoiling CNFs 
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as shown schematically in Figure 2-8. However, the nano-reinforcement pull-out 
mechanism is typically the most dominant toughening mechanism responsible for 
increasing the fracture energy [104-107, 109]. The increase in the fracture energy 
during pull-out is due to the work of friction by the interfacial shear stress between the 
nano-reinforcements and the epoxy polymer. During this pull-out process, the nano-
reinforcements also form a bridging zone behind the crack tip as shown in Figure 2-9 
[123]. In order to pull-out and bridge the crack, the nano-reinforcements must first 
debond from the epoxy. The strain energy absorbed in overcoming the adhesion of the 
nano-reinforcement/epoxy interface during the debonding process would also increase 
the fracture energy but to a lesser extent. If the interfacial bond strength exceeds the 
strength of the nano-reinforcements, then they would rupture prematurely before pull-
out occurs. However, the rupture of the nano-reinforcements would result in smaller 
improvements in the values of the fracture energy, since the strain energy consumed 
during fibre rupture is reported to be significantly lower than that pertinent to pull-out 
[41, 85]. 
 
Figure 2-8 : Schematic illustration of the crack bridging process in nanocomposite 
containing (a-d) CNTs and (e-h) CNFs. (a-b) Pull-out and (c-d) rupture of CNT during 
crack bridging. (e-f) Pull-out and (g-h) unravelling of CNF during crack bridging [112]. 
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Figure 2-9 : Crack bridging process in CNT nanocomposite [123] 
Furthermore, a significant number of relatively large voids are observed around 
the nano-reinforcements which are indicative of the plastic void growth of epoxy 
polymer in the process zone, which leads to an additional increase in the fracture 
energy, compared to the unmodified epoxy [106, 112, 116]. This arises because, in the 
process zone ahead of the crack tip, where a triaxial stress-field exists, the nano-
reinforcements debond from the epoxy as the local stresses increase at the crack tip. 
The debonded nano-reinforcements act as voids in the epoxy which allows the polymer 
to deform plastically, and so the voids increase in size. For rubber- and nanosilica-
toughened epoxies, this plastic void growth mechanism has been shown to significantly 
increase the fracture toughness of the material [119, 124]. 
A majority of studies listed in Table 2-1 have reported that the level of 
improvement depends on the type of nano-reinforcement and its dispersion quality; 
nano-reinforcement size and shape, volume fraction and particle-matrix interface. 
However, except for the study by Hsieh et al. [106], none of these studies have 
quantified the contribution of each of the aforementioned toughening mechanisms 
towards improving the fracture toughness of the epoxy nanocomposites. As can be seen 
in Figure 2-10, Hsieh et al. [106] used an analytical model similar to that given by Eq. 
(2-11) to quantify the contribution from each of the toughening mechanisms identified 
from the SEM observations of the fracture surface of MWCNT reinforced epoxy 
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nanocomposites. Moreover, at present, there is no study reporting a similar analytical 
modelling approach that could be utilised to quantify the various toughening 
mechanisms proposed for GNP-epoxy nanocomposites. As can be seen from the 
breakdown of the energy dissipation from each toughening mechanisms calculated by 
Hsieh et al. [106] which are listed in Table 2-3, CNT pull-out and CNT-matrix 
debonding were the two most dominant toughening mechanisms responsible for 
improvement in the fracture energy of CNT-epoxy nanocomposites. For energy 
dissipated via CNT pull-out, they also observed that although the embedded CNT 
length was 120 µm, the actual CNT pull-out length was less than about 10% of this 
value. They attributed the smaller pull-out length to be due to the random orientation of 
the CNTs in the epoxy matrix which led to their rupture rather than pull-out. This 
observation confirms the fracture mechanism theory discussed earlier for random and 
aligned short-fibre composites in Section 2.2.2. According to the theoretical models, 
carbon nano-reinforcements with some misalignment angle with respect to the loading 
direction can be expected to experience greater snubbing friction which will reduce the 
critical fibre length and its pull-out length given by Eqs. (2-12) and (2-7), respectively. 
Thus, the improvement in the fracture toughness of epoxy nanocomposites containing 
randomly oriented nano-reinforcements is lower than what could be achieved if the 
nano-reinforcements were to be aligned in the loading direction. Moreover, Hsieh et al. 
[106] found that only about 60% of the total CNTs that can be expected to pull-out on 
the fracture surface were observed to have been intersected by the crack path due to 
their random orientation. The probability of the crack intersecting the carbon nano-
reinforcements is much lower when they are randomly oriented in the matrix which 
further reduces the expected improvement in the fracture toughness as was 
demonstrated in Figure 2-6 in the Section 2.2.2.  
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Figure 2-10 : Experimental results of the fracture energy of CNT-epoxy nanocomposite 
as a function of CNT content and its comparison to the theoretical predictions [106]. 
Table 2-3 : Theoretically calculated fracture energy contribution from various 
toughening mechanisms and its comparison to the experimental results [106]. 
MWCNT 
(wt%) 
Vfpo 
(%) 
Vfv –Vfp 
(%) 
Vfdb 
(%) 
ΔGpull-out 
(J/m2) 
ΔGv 
(J/m2) 
ΔGdb 
(J/m2) 
Gc (J/m2) 
predicted 
Gc (J/m2) 
measured 
0 0 0 0 - - - - 133 
0.1 0.063 0.005 0.063 10.0 0.07 15.7 159 162 
0.2 0.125 0.009 0.125 20.0 0.15 31.2 184 188 
0.5 0.194 0.024 0.194 31.0 0.37 48.6 213 223 
Therefore, in addition to the nano-reinforcement size and shape; dispersion 
quality; volume fraction and particle-matrix interface; the alignment of the nano-
reinforcements in the loading direction is critical for enhancing the fracture toughness 
of epoxy nanocomposites. Indeed, numerical analyses have confirmed that in 
comparison to randomly oriented CNTs, a 3.0 vol% CNTs aligned in epoxy normal to 
the crack growth plane can enhance its toughness by up to 400% [41]. Unfortunately, 
there is a dearth of suitable processes to align carbon nano-reinforcements along the 
through-thickness direction of composites. However, recently the use of electric- and 
magnetic-fields [39] to align nanoparticles in liquid resins, prior to curing, has been 
reported [44-50]. The electro-mechanisms of the alignment process of carbon nano-
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reinforcements leading to their rotation and chaining in a dielectric medium in the 
presence of an external field will be reviewed in a later section.   
2.3.2 Multi-scale Composites with Carbon Nano-
reinforcements 
One major issue impeding the wide adoption of fibre-reinforced composites is their low 
through-thickness strength and toughness, and the difficulty to cost-effectively inspect 
and repair damage sustained during service. The Achilles heel of composites is their 
susceptibility to microscale damage, such as matrix cracking, interfacial debonding, 
fibre breakage and delamination. The initiation of damage has significant implications 
on the structural integrity and durability of composite structures (12). Even relatively 
low levels of damage, referred to as Barely Visible Impact Damage (BVID), can cause 
reductions of up to 60% in the residual compressive strength. Because much of the 
impact damage occurs beneath the surface, existing non-destructive techniques such as 
visual inspection and ultrasonics are not effective for wide-area damage inspections and 
for regions that are hard to access. Traditional techniques to improve through-thickness 
properties include polymer “alloying” of brittle thermoset matrix with thermoplastic 
[125-128], rubber toughener [99, 129] or silica particles [99, 129] in the matrix or at 
interply region. Micro-sized carbon pins, commonly referred to as z-pins, have been 
investigated to reinforce composites in the thickness direction [20, 21]. It is widely 
recognised that z-pins are effective only for resisting large-scale delamination. In recent 
years, studies on conductive carbon nano-reinforcement, such as CNTs [22, 23], CNFs 
[25, 26], and GNPs [27-30], have indicated promising reinforcement efficiency as well 
as the ability to enhance electric properties of the fibre reinforced epoxy composites. As 
can be seen from Table 2-4, numerous studies have investigated the use of CNTs and 
CNFs to enhance the interlaminar fracture energy of fibre reinforced epoxy composites. 
However, at present, there is no reported study on the use of GNPs to improve the 
interlaminar fracture properties of fibre-epoxy composites despite the remarkable 
improvement in the fracture and fatigue resistance of GNP-epoxy nanocomposite 
demonstrated by earlier investigations [114, 116].  
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Table 2-4 : Interlaminar fracture energy of multi-scale composites containing carbon 
nano-reinforcements (CF, carbon fibre; GF, glass fibre; SiC, silicon carbide, US, 
ultrasonication; 3RM, three-roll-milling; HSM, high shear mixing; VACNT, vertically 
aligned carbon nanotube forrest). 
Source Composite Dispersion Multi-scale Nanofiller  Improvement 
 Processing Process Composite (wt%) GI (%) GII (%) 
Wichmann et al. [130] VARTM-Matrix 3RM GF + DWCNT 0.3 -10 - 
Karapappas et al. [131] Wetlayup-Matrix BM CF + CNT 0.1 -10 - 
    0.5 40 - 
    1.0 60 - 
Tugrul et al. [132] VARTM-Matrix 3RM GF + CNT 0.1 -22 12 
Warrier et al. [133]  Prepreg-Matrix HSM GF + CNT 0.5 -35 - 
Godara et al. [134] Prepreg-Matrix HSM CF + DWCNT 0.5 55 - 
   CF + CNT 0.5 83 - 
Zhu et al. [135] Prepreg-Matrix US GF + CNT 0.25 4 -19 
   GF + CNT 0.5 -2 5 
   GF + CNT 1.0 9 14 
Zhu et al. [135] Prepreg-Interlayer US GF + CNT 0.25 95 109 
   GF + CNT 0.5 66 86 
   GF + CNF 0.5 57 41 
Sadeghian et al. [136] VARTM-Matrix US GF + CNF 1.0 100 - 
Kostopoulous et al. [137] Wetlayup-Matrix HSM GF + CNF 1.25 133 - 
Li et al. [138] Prepreg-Interlayer PS CF + CNF 12.7 26 - 
Yokozekiu et al. [139] Prepreg-Matrix BM CF + CNF 5.0 98 30 
Yokozekiu et al. [140] Prepreg-Matrix+ 
Interlayer 
BM + PS CF + CNF 5 + 5 121 92 
  BM + Film CF + CNF 5 + 5 87 32 
Khan et al. [141] VARTM-Interlayer 3RM CF + CNF 10 104 - 
Veedu et al. [42] Wetlayup-Interlayer CVD SiC + VACNT 2.0 350 54 
Garcia et al. [142] Prepreg-Interlayer CVD CF + VACNT 1.0 250 300 
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Figure 2-11 : Diagram of fabrication techniques for nano-reinforced multi-scale 
composites [39]. 
As shown schematically in Figure 2-11, various approaches have been utilized 
by researchers attempting to incorporate the carbon nano-reinforcements in the fibre-
epoxy composites which were recently reviewed by Lubineau and Rahman [39]. The 
selection of technique for adding nano-reinforcements in a laminate depends on the 
final fabrication method to be employed for manufacturing the composite, namely wet 
layup or prepreg. In the wet layup process, the nano-reinforcements are pre-dispersed in 
the epoxy resin using methods similar to that used for preparing epoxy nanocomposites 
which were discussed earlier in section 2.3.1. The nano-reinforcement/epoxy mixture is 
then applied as the matrix phase to the dry fibre preform using either hand layup or 
vacuum assisted resin transfer molding (VARTM) technique. Hand layup is by far the 
simplest method for adding nano-reinforcements to the matrix phase of fibre-epoxy 
composites. Whereas, VARTM technique is now widely accepted for manufacturing 
high quality fibre-epoxy laminates in large volume production. But there are additional 
complications in using this method for fabricating multi-scale composites with nano-
reinforcements. The VARTM process relies on low viscosity resin for effective 
infiltration of the fibre preform. However, the viscosity of the epoxy resin increases 
dramatically with the addition of even low weight fraction of the nano-reinforcements 
[136]. This leads to the problem of nano-reinforcements filtration during the resin 
transfer molding process which results in inhomogeneous reinforcement of the laminate 
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[136]. To overcome this problem, nano-reinforcements are applied as an interlayer in 
the form of a veil or tissue which is placed in the interply regions prior to resin 
infiltration during the VARTM process [141]. Although interply reinforcement 
technique provides toughening to the interlaminar regions, it is ineffective at preventing 
intralaminar damage suffered from impact events or fatigue loading. As an alternative 
approach, researchers have pre-coated the reinforcement fibre preforms with CNTs 
[143-145], CNFs [146, 147] and GNPs [27] using electrophoretic deposition (EPD) 
technique. The nano-reinforcement coated fibre preforms can be then used for VARTM 
process without the issue of localized toughening from filtration effects. Whereas, in a 
prepreg fibre-epoxy system, the carbon nano-reinforcements are added as either an 
interlayer veil [148]; or via powder sprinkle [138]; or they are grafted on to the fibres 
during the processing of the first stage cured fibre-epoxy pregregs [133, 134].    
As can be seen in Table 2-4, a wide range of improvements to the mode I and II 
interlaminar fracture energy have been reported for CNT and CNF-reinforced multi-
scale composites. From these results, it appears that for specific weight content of the 
nano-reinforcements, the level of improvement achieved by the addition of CNFs are 
similar to that reported for the more expensive CNT reinforced multi-scale composites. 
For instance, Sadeghian et al. [136] were among the first research group to demonstrate 
up to 100% improvement in the fracture energy of CNF-reinforced multi-scale 
composite manufactured using the VARTM technique. Similarly, Zhu et al. [135] 
showed that similar level of toughening could be achieved by adding 0.5 wt% of either 
CNF or CNT reinforcements as an interlayer in the multi-scale composites 
manufactured using prepreg system. Moreover, researchers have been able to add much 
higher weight fraction of CNFs in the form of an interlayer into multi-scale composites 
which led to a somewhat greater improvement to their interlaminar fracture energies. 
Similar to the epoxy nanocomposites, the improvement to the fracture energy of carbon 
nano-reinforced multi-scale composites is due to several toughening mechanisms 
including, (1) debonding of nano-reinforcement/matrix interface [133, 134]; (2) 
inelastic matrix deformation and void growth around debonded nano-reinforcement 
[26]; (3) crack pinning and deflection [134, 141]; (4) enhanced fibre/matrix interface 
[141]; (5) nano-reinforcement pull-out and subsequent crack bridging [130, 140]; and 
(6) nano-reinforcement rupture [26]. 
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However, the improvement in delamination resistance of the carbon nano-
reinforced multi-scale composites has been much lower than that reported for carbon z-
pins reinforced composite laminates. For example, just 1 wt% carbon z-pin 
reinforcement aligned in the through-thickness of composite laminate can increase its 
mode I delamination fracture energy by up to 280 %, which increases further to 1500% 
at a content of 4 wt% [40]. This finding suggests that aligning the carbon nano-
reinforcements in the through-thickness direction of the multi-scale composite laminate 
is necessary for achieving a substantial improvement to their fracture energy. This was 
demonstrated by Veedu et al. [42], who used CVD technique to deposit 2.0 wt% of 
aligned CNT forest directly onto SiC woven fibre preforms, as shown in Figure 2-12. 
Indeed, the resultant multi-scale fibre-epoxy composite containing aligned CNT 
reinforcements showed the mode I and II fracture energy enhancement of about 280% 
and 54% respectively. However, the high temperature required for achieving direct 
CVD growth of aligned CNTs onto carbon or glass fibre preforms is well in excess of 
750 °C which weakens the structural fibres. For instance, the coating of IM7 carbon 
fibres with CNTs via direct CVD growth at 800 °C resulted in their tensile strength 
being reduced by about 40% when the CVD was performed under inert gas (Argon) 
environment and up to 70% under vacuum environment, respectively [43]. Thus, the in-
plane properties of the resulting multi-scale composites could be significantly lower.  
 
Figure 2-12 : Schematic illustration of the fabrication process for manufacturing aligned 
CNT-reinforced multi-scale composites [42]. 
44 
 
In order to overcome this problem, Garcia et al. [142] have demonstrated a 
novel technique for transferring  aligned CNT forest onto prepreg fibre-epoxy system 
without any additional processing or tooling requirements. Their multi-scale composite 
containing just 1 wt% of aligned CNT reinforcements in the interlaminar regions led to 
about 250% and 300% increase in the mode I and II fracture energy respectively. The 
primary toughening mechanisms in the presence of aligned CNT interlayer were plastic 
deformation and crack bridging, as shown in Figure 2-13. In particular, a greater 
contribution from CNT crack bridging process zone was observed and later quantified 
to be responsible for such large toughening effects [85]. Moreover, all of the aligned 
CNTs participated in the pull-out process which promoted the crack bridging process 
zone leading to significant toughening of the interlaminar regions. However, the authors 
pointed out that this interleaving technique has the drawback of decreasing the in-plane 
laminate properties. But their study did not characterize the in-plane properties of the 
aligned CNTs reinforced laminates. Although this technique has been by far the most 
successful at improving the fracture resistance of multi-scale composites, the amount of 
aligned CNT forest necessary for the industrial level high volume manufacturing of 
such composites is currently unavailable.  
 
Figure 2-13 : Schematic illustration of the (a) crack bridging process in aligned CNT 
reinforced multi-scale composites, and (b) high magnification diagram of the crack 
bridging by aligned CNTs [142]. 
(a) (b) 
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While interleaving technique provides effective toughening to the interlaminar regions, 
it cannot prevent intralaminar damage suffered from impact events or cyclic fatigue 
loading. Therefore, it is necessary to align the carbon nano-reinforcements in the 
through-thickness direction throughout the matrix phase to achieve effective toughening 
of the interlaminar and intralaminar regions. Unfortunately, there is a dearth of suitable 
processes to align carbon nano-reinforcements along the through-thickness direction of 
fibre reinforced composites. However, recently the use of electric- and magnetic-fields 
to align nanoparticles in liquid resins, prior to curing, has been reported [44-50]. The 
various alignment techniques and the electro-mechanical response of the carbon nano-
reinforcement leading to their rotation and alignment are discussed in the following 
section. 
2.4 Alignment of Carbon Nano-reinforcements in 
Composites 
One major factor limiting the property improvements achieved to date in epoxy 
composites has been the fact that the carbon nano-reinforcements are typically 
randomly-oriented, which arises naturally from the dispersion process using 
ultrasonication and/or mechanical mixing. Unsurprisingly, the improvements achieved 
in many important properties of the epoxy nanocomposites containing randomly-
oriented carbon nano-reinforcements are significantly lower than what would be 
expected had the nanofillers been aligned in the desired direction. Different approaches 
have been reported for orienting carbon nano-reinforcements, mainly based on 
mechanical stretching [149], or aligning with an electric [44, 51, 150] or magnetic-field 
[151, 152].  
2.4.1 Mechanical Alignment Techniques 
The alignment of the carbon nano-reinforcements using mechanical approach includes 
various techniques, namely shear flow field, mechanical stretching, infiltration, and 
electrospinning. Vigolo et al. [153] used the shear flow technique to process long 
ribbons of PVA/CNT composite fibres containing well-oriented CNT reinforcements. 
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In order to achieve the alignment of the CNTs, they injected the dispersed 
CNT/surfactant solution through a syringe needle into a PVA solution. In comparison to 
the CNT dispersion, the high viscosity of the PVA solution induced shear stresses at the 
flow boundary which led to the shear flow induced alignment of the CNTs. Other 
researchers [154, 155] have undertaken a systematic study of the effect of shear flow 
rate on the degree of CNT alignment. Haggenmuller et al. [156] used melt processing to 
prepare aligned CNT/PMMA composite films. The resulting composite films showed 
higher conductivity and mechanical properties in the CNT alignment direction. 
Thostenson and Chou [157] prepared CNT/PS composite films by extruding the 
composite melt through a die followed by drawing the film prior to cooling which 
resulted in the in-plane alignment of CNTs, as shown in Figure 2-14a-b. The alignment 
of the CNTs in PS film enhanced its strength and modulus by 137% and 49%, 
respectively. Although the alignment of CNTs through mechanical stretching is one of 
the simplest technique for processing aligned CNT/polymer composites, it is limited in 
its application to thin films with thickness less than 2 mm [158]. Alternatively, 
electrospinning has been widely used for assembling nonwoven fibres and membranes 
made of polymers containing carbon nano-reinforcements [159, 160]. As shown in 
Figure 2-14c-d, Chen et al. [159] fabricated polyimide fibres containing aligned CNTs 
using electrospinning. Electrospinning has also been used for fabricating polymer 
nanocomposite membranes with aligned CNTs. Sen et al. [160] were the first to 
demonstrate that electrospinning can be used to prepare aligned SWCNT-polyurethane 
membranes leading to a significant enhancement in their mechanical properties.   
 Although the techniques discussed above can be effectively used to fabricate 
polymer fibres, films and membranes containing aligned nano-reinforcements, they 
cannot be used for through-thickness alignment of carbon nano-reinforcement within 
the matrix phase of the fibre composites. However, recently the use of electric- and 
magnetic-fields to align nanoparticles in liquid resins, prior to curing, has been reported 
[44, 45, 49, 50, 52, 161-165]. Under the application of an electric- or magnetic-field, 
the nano-reinforcements may align to form a chain-like network in the direction of the 
external field [51, 52]. The nano-reinforcements can be oriented in any desired 
direction by manipulating and orienting the external field direction. Since thermosetting 
resins, such as epoxy resins, may typically possess a relatively low viscosity prior to 
cure, the application of an electric- and/or magnetic-field will be able to transform the 
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randomly-oriented carbon-based nano-reinforcements to give a highly aligned structure. 
This mechanism of the self-aligning of conductive carbon nano-reinforcements in 
polymers offers a new opportunity to create multi-scale composite structures. 
  
 
Figure 2-14 :  (a-b) TEM micrographs showing the alignment of CNTs in composite 
films fabricated via extrusion process [157]. (c-d) SEM micrographs of the aligned 
nanofibres membranes fabricated using the electrospinning process [159]. 
2.4.2 Electric-field Induced Alignment 
The use of an external electric-field is a simple and more effective approach used to 
align carbon nano-reinforcements in a polymer matrix.  In 1996,  Fishbine [166] first 
proposed that CNTs could be aligned in a dielectric medium using external electric-
field. In the same year, Yamamoto et al. [167] became the first group to demonstrate 
the use of direct current (DC) electric-field to align CNTs dispersed in isopropyl 
alcohol. In a later study [168], the same group demonstrated that high frequency (i.e. 10 
(b) (a) 
(c) (d) 
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MHz) alternating current (AC) electric-field to be more effective than DC electric-field 
for aligning CNTs. Electric-field has also been used to align CNFs [52] and CNTs [53] 
in epoxy resins prior to their curing. As shown in Figure 2-15 and Figure 2-16, under 
the application of an electric-field between a pair of parallel plate electrodes, the nano-
reinforcements may align within a polymer resin to form a chain-like network in the 
direction of the electric-field [51, 52]. The alignment of the nano-reinforcement has 
been attributed to the dielectrophoresis process, which is widely used for 
electrophoretic deposition of particles [169].  
 
Figure 2-15 : (a-b) Optical micrographs of the CNT alignment process under the 
application of an AC electric-field [51]. 
 
Figure 2-16 : (a-b) Optical micrographs of the CNF alignment using an AC electric-
field of strength 400 V/cm at 1 kHz; (a) before application of electric-field; and (b) 30 
minutes after the application of electric-field [52]. 
(a) (b) 
(b) (a) 
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In the dielectrophoresis process, a particle immersed in a dielectric medium 
undergoes polarization when subjected to an externally applied electric-field. This 
arises from the difference in the dielectric properties and the electrical conductivities 
between the particle and the medium. For one-dimensional particles, such as CNFs and 
CNTs, due to their shape anisotropy the longitudinal polarizability is at least an order of 
magnitude greater than the transverse polarizability [170, 171]. Therefore, when 
subjected to an electric-field, the difference in polarizability of the nano-reinforcements 
results in an induced dipole and its interaction with the electric-field gradient generates 
a torque resulting in rotation of the long axis of nano-reinforcements, so causing them 
to align along the external-field direction [172]. Subsequently, a coulomb attraction 
force is generated between oppositely charged ends of aligned CNTs. This attraction 
force causes the aligned CNTs to migrate and connect their ends to form a chained 
network which stretches across the electrodes to provide a conductive pathway, as 
shown in Figure 2-15 and Figure 2-16 [173]. It is believed that upon curing of the 
polymer, the aligned nano-reinforcements network will remain in place in the resulting 
polymer nanocomposites. The chained network of aligned carbon nano-reinforcements 
should lead to a significantly lower electrical and thermal percolation threshold while 
simultaneously improving the conductivity of the polymer composite.  
It is encouraging to know that the alignment of carbon nano-reinforcements 
such as CNTs [51, 53, 174-176], CNFs [52] and GNPs [49, 177]  using an electric-field 
has indeed been reported to improve the electrical conductivity of polymers through the 
formation of a percolating network at extremely low content of the nano-
reinforcements. In spite of these studies, the effects of electric-field-induced alignment 
of the nano-reinforcement on the fracture property of its composites have not been 
explored. By aligning the nano-reinforcements in the direction perpendicular to the 
crack propagation path, a greater fraction of the nano-reinforcements could be expected 
to participate in fracture toughening mechanisms discussed in section 2.3.1. This would 
lead to more significant improvement in the fracture toughness of epoxy composites 
with aligned carbon nano-reinforcements. More importantly, the electric-field technique 
could also be used to in-situ align carbon nano-reinforcements in the through-thickness 
direction of the matrix of fibre composites. This would lead to a greater reinforcement 
of the interlaminar as well as intralaminar regions of fibre composites. The chaining of 
the nano-reinforcements between the fibre plies would further enhance the through-
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thickness conductivity of the fibre-epoxy composites. This was first demonstrated by 
Domingues et al. [178] who used an AC electric-field to align just 0.1 wt% CNTs in the 
through-thickness direction of a glass fibre reinforced composite laminate fabricated 
using resin infusion process. The conductivity of the fibre composites fabricated with 
the application of the electric-field was enhanced by an order of magnitude in 
comparison to the laminate prepared in its absence. However, no apparent improvement 
to the mode I interlaminar fracture toughness of the fibre composites occurred by the 
addition of such low content (i.e. 0.1 wt%) of CNTs. Moreover, they did not confirm 
whether the CNTs were indeed aligned in the through-thickness direction of the 
laminates.  
Although an electric-field can be used to align carbon nano-reinforcements in 
glass fibre-reinforced composites, in a carbon fibre composite, the alignment is much 
more difficult to realise. The main reason is that the local contact of conductive carbon 
fibres causes local short-circuiting which weakens the electric-field inside the 
composite, leading to weaker forces for the nano-reinforcements to rotate.  Electric-
field cannot penetrate through conductive material due to the accumulation of surface 
charge which lead to the cancelling of the field flux via a well know effect referred to as 
the “Faradays” effect. Therefore, in a carbon fibre composite, an external electric-field 
may not be able to penetrate beyond the outermost plies leading to no possible 
alignment effect in the interlaminar and intralaminar matrix regions. However, it is well 
known that the magnetic flux generated in a magnetic-field can penetrate through 
conductive materials such as carbon fibres. Therefore, magnetic-field induced 
alignment techniques offer promising alternative for aligning carbon nano-
reinforcements in the through-thickness direction of carbon fibre composites.      
2.4.3 Magnetic-field Induced Alignment 
Kimura et al. were the first to use a very high strength constant magnetic-field of 10 T 
to fabricate CNT-polyester matrix composites [179]. The resulting composites with 
aligned CNTs possessed anisotropic electrical and mechanical properties. Experimental 
studies [180, 181] and theoretical predictions [182] have indicated that CNTs are 
paramagnetic in the direction of their long axes, and thus they are susceptible to high 
strength magnetic-fields. Their magnetic susceptibility decreases with the increase in 
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temperature, suggesting strong dependency on the temperature. As shown in Figure 
2-17, Takahashi et al. [183] demonstrated the use of medium strength magnetic-field of 
2.4 T to align CNFs in polycarbonate matrix subjected to a temperature of 300 oC. 
Although the magnetic susceptibility of the CNFs or CNTs decreases with temperature, 
the lowering of the viscosity of the polymer at high temperature enables the magnetic 
torque to overcome the viscous drag effect which leads to their alignment under low 
magnetic-fields. Other researchers [54, 184, 185] have studied the fabrication and 
properties of CNT-epoxy composites prepared with the application of high strength 
magnetic-field of 25 T and observed a favourable increment in their thermal and 
electrical conductivity. However, due to their low magnetic susceptibility at room 
temperature, an extremely strong magnetic-field (e.g. of several Teslas) is usually 
required to align carbon nano-reinforcements which is impractical for manufacturing of 
composites [54, 165, 186, 187]. For instance, Camponeschi and co-workers [54] 
employed a magnetic-field of up to 25 T to orientate and align CNTs in an epoxy resin 
and found that the properties of the resulting nanocomposites were superior to those 
prepared in the absence of a magnetic-field. Mahfuz et al. [186] reported a similar 
attempt of using magnetic-fields of up to 28 T to align CNFs in a two-phase toughened 
epoxy resin system. They were able to achieve 21% and 3% increase in the compressive 
strength and modulus compared to randomly-oriented CNFs. The necessity to employ 
such high magnetic-fields limits the practical application of this method. Besides, the 
use of high strength magnetic-field can have adverse effect on the mechanical 
properties of CNT-epoxy composites. For instance, Camponeschi et al.[54] found a 
significant reduction in the Young’s modulus of the CNT-epoxy nanocomposites 
fabricated under the application of very high magnetic-field strength of 25 T in 
comparison to the ones prepared under 15 T. They attributed this to (a) the reduction in 
average polymer chain length and (b) also polymer chain alignment and conformation 
induced by a high strength external magnetic-field.   
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Figure 2-17 : CNF alignment using magnetic-field [183] 
In recent years, various methods have been reported to functionalise carbon 
nano-reinforcements with magnetic nanoparticles, especially iron-based nanoparticles, 
so as to facilitate the alignment of carbon nano-reinforcements in a polymer matrix 
without needing to employ high magnetic-fields [55, 188, 189]. For instance, magnetite 
(Fe3O4) decorated CNTs [190] and GNPs [152]  have been recently developed and these 
hybrid nano-reinforcements were successfully aligned in an epoxy using a relatively 
weak magnetic-field of just 0.3 T [152, 190]. The alignment of the Fe3O4 decorated 
carbon nano-reinforcements may be ascribed to the anisotropic nature of the dipolar 
interactions of the iron oxide nanoparticles close to the ends of the nano-reinforcements 
[191, 192]. Without an externally applied magnetic-field, the magnetic moments of the 
iron oxide nanoparticles are randomly oriented leading to vanishing net magnetization. 
However, upon the application of a sufficiently large magnetic-field, the magnetic 
moments of the nanoparticles align along the external field direction, and the resultant 
dipolar interactions orient the Fe3O4 decorated nano-reinforcements. Attraction of the 
north and south poles of the magnetic carbon nano-reinforcements resulted in the 
formation of the chain-like structure.  
Moreover, CNTs and GNPs based magnetic hybrids have also been prepared by 
using a wet-chemical co-precipitation method. The resulting composites contained 
GNP-hybrid in an epoxy aligned under a relatively low magnetic-field to achieve high 
thermal conductivity [152] and excellent gas barrier properties [189]. However, at 
present, there is no reported study on the investigation of the effect of magnetic-field 
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alignment of the carbon nano-reinforcements on the fracture properties of epoxy 
composites. Especially, the decoration of carbon nano-reinforcements with Fe3O4 
nanoparticles will affect the nano-reinforcement/epoxy interface bonding state which 
would, in turn, change its reinforcing efficacy.  Moreover, the aforementioned 
magnetic-field induced alignment techniques hold the promise for achieving the 
alignment of carbon nano-reinforcements in the through-thickness direction of carbon 
fibre composites. The fabrication and properties of such multi-scale carbon fibre 
composite prepared with magnetic-field are yet to be explored.  
2.5 Damage Detection using Carbon Nano-
reinforcements 
Impact-induced delamination damage can grow under relatively low cyclic interlaminar 
stresses caused by the fatigue loading of the composite. Delamination damage can 
significantly reduce the tensile and compressive properties of composites which is a 
major safety concern [91, 92]. Moreover, if subjected to cyclic loading, the 
delamination can grow almost undetected due to fatigue until they are long enough to 
cause catastrophic failure of the composite structure. Therefore, there are stringent 
aviation safety regulations on management of critical size of the delamination damage 
[9]. The critical size depends on several parameters including the properties of the 
structural material, loading, geometry of the structure; and most importantly the 
technique utilized for detection and monitoring the damage site. Due to the low 
electrical conductivity of fibre reinforced composites, many non-destructive damage 
inspection methods, such as eddy current and electrical resistance, which are commonly 
used for metallic structures, are rendered ineffective [96]. Similarly, detection of 
damage in adhesive bonded composite joints is currently limited to ultrasonic, 
radiography and acoustic emission techniques during scheduled maintenance intervals. 
Potential drop and eddy current technique cannot be used in the absence of through-
thickness conductivity in bonded joint due to the dielectric property of the epoxy 
adhesives. Furthermore, the visual inspections performed during daily service of an 
aircraft structure cannot detect delamination and disbond damage due to their hidden 
nature.  
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2.5.1 Detection in Nano-reinforced Fibre Composites 
Numerous studies have shown that carbon nano-reinforcements can form conductive 
networks in polymeric materials at extremely low weight fractions [33, 34]. The 
coupling between the mechanical and electrical response of CNTs was first investigated 
by Baughman et al. [193]. Fiedler et al. [194] later reviewed the prospects of using 
CNTs for sensing damage in composites using electrical methods. Several other studies 
have since investigated the use of CNT [38, 195-198], CNF [199, 200] and GNP [201, 
202] networks embedded in polymer composites for strain sensing applications. These 
conductive networks could also be utilised for in-situ health monitoring of delamination 
and disbond damage in composite laminates [35, 64, 203-206] and their bonded [36, 
207] joints. For instance, Gao et al. [206, 208] have utilized CNT networks embedded 
in the matrix phase of glass fibre-epoxy composites to study the onset and evolution of 
damage under monotonically increasing loads, as shown in Figure 2-18. In a separate 
study, their group investigated the electrical resistance response of CNT networks in 
glass fibre-epoxy composites subjected to cyclic fatigue loading [209]. They 
demonstrated that the CNT networks can be used to accurately detect the onset and 
progression of fatigue damage in fibre composites. Similarly, Monti et al. [204] have 
successfully employed CNFs to detect the onset and evolution of damage due to 
monotonic as well as impact loading of the glass fibre-epoxy composites. As can be 
seen in Figure 2-19, their results demonstrated that the fibre composites containing low 
weight fraction (i.e. 0.5 wt%) of CNFs show greater electrical resistance response to 
impact damage when compared to the composites with higher (i.e. 1.0 wt%) content of 
CNFs.  This suggests that in carbon nano-reinforced composites it is advantageous to 
achieve electrical percolations at low nano-reinforcement contents in order to improve 
their sensitivity to electrical response due to damage. The electric- and magnetic-field 
induced aligning and chaining of carbon nano-reinforcements  in composites can indeed 
lead to ultra-low electrical percolation thresholds in comparison to the randomly 
oriented nano-reinforcements [51-53, 185]. Moreover, the anisotropic electrical 
properties of aligned carbon nano-reinforced composites could further enhance their 
electrical responsiveness to damage.  
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Figure 2-18 : The comparison of the acoustic event (AE) and the change in resistance 
during composite damage. Inset: Resistance change behaviour for various stage of the 
damage evolution in CNT-reinforced multi-scale composites [206]. 
     
Figure 2-19 : Electrical resistance change in CNF-reinforced multi-scale composites as 
a results of cyclic impact induced damage [204]. 
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2.5.2  Diagnosis of Damage in Nano-reinforced Composite 
Joints 
In comparison, only two studies have investigated the use of carbon nano-reinforced 
epoxy adhesives for detecting disbond damage in adhesively bonded composite joints 
[36, 207]. These studies were primarily focused on investigating the electrical response 
of CNT networks to shear stresses in a lap shear joint configuration. For example, Lim 
et al. [36] reported the use of CNT networks to monitor the initiation of damage in CNT 
reinforced epoxy adhesive bonded lap joints subjected to quasi-static and cyclic tensile 
loading. They demonstrated that in-situ resistance measurements can be used to identify 
the joint failure mechanisms, but did not establish whether this technique could be used 
to determine the size of disbond damage. Whereas,  Mactabi et al. [207] studied the use 
of CNT networks to monitor the fatigue life of adhesive bonded lap joints subjected to 
tensile cyclic loading. As can be seen in Figure 2-20, they found that there was no 
change in resistance until the joint had reached almost 85% of its fatigue life cycles 
which was then followed by a sharp rise corresponding to the failure of the joint. 
However, they did not establish whether this technique could be used to monitor the 
size or propagation of damage.  
 
Figure 2-20 : In-situ electrical resistance measurement during tensile fatigue loading of 
lap shear joints bonded with CNT-reinforced epoxy adhesive [207]. 
For composite aircraft structures, it is necessary to be able to identify the size 
and its growth for the continued service of the aircraft. The Federal Aviation 
Administration’s damage tolerant design regulations specify that delamination damage 
within aircraft composites above a critical size must be immediately repaired or the 
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entire damaged structure replaced for continued service [8]. In addition, there are 
stringent aviation safety regulations on management of critical size of the disbond 
damage [9]. The critical size depends on the technique used for detection and 
monitoring the damage site. An earlier study by Zhang et al. [210] demonstrated the use 
of CNT networks in epoxy nanocomposites to monitor and predict the underlying crack 
growth damage during mode I fatigue tests performed on compact tension specimens. 
The study successfully demonstrated that changes in resistance induced by crack 
growth in epoxy nanocomposites can be used to determine the size of the underlying 
damage as shown in Figure 2-21. The potential application of this technique to monitor 
and detect fatigue crack growth in adhesive bonded composite joints has never been 
studied. 
 
Figure 2-21 : Electrical resistance change measured as a function of fatigue crack 
growth in a compact tension specimen for a CNT-epoxy composite subjected to cyclic 
loading [210]. 
2.6 Summary and Outstanding Research Issues 
Research into polymer nanocomposites has recently advanced to a level where several 
important properties, such as strength and stiffness, can be predicted using various 
modelling approaches [211-215]. This has enabled an effective ‘materials design’ 
approach for this new class of materials, which reduces the cost and accelerates the 
introduction of novel and improved nanocomposite materials. Similarly, carbon nano-
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reinforced epoxy composites have shown good improvement to the fracture resistance 
and electrical property.  
While the fracture property improvements listed in Table 2-1 for various carbon 
nano-reinforcements are impressive, they are significantly lower than the 900 % 
increase in fracture toughness reported for nano-silica [119] and rubber particle 
modified epoxy polymers [99]. But the use of carbon based nano-reinforcements can 
simultaneously improve the electric conductivity and mechanical properties, unlike 
nano-silica and rubber particles. One major factor limiting the property improvements 
achieved to date in epoxy composites has been the fact that the carbon nano-
reinforcements are typically randomly-oriented, which arises naturally from the 
dispersion process using ultrasonication and/or mechanical mixing. Therefore, in 
addition to the nano-reinforcement size and shape; dispersion quality; volume fraction 
and particle-matrix interface; the alignment of the nano-reinforcements in the loading 
direction is critical for enhancing the fracture toughness of epoxy nanocomposites as 
demonstrated by numerical models.  Similarly, experimental studies suggest that 
aligning the carbon nano-reinforcements in the through-thickness direction of the multi-
scale composite laminate is necessary for achieving a significant improvement to their 
fracture energy [42, 142]. The alignment of carbon nano-reinforcements using an 
electric-field has indeed been reported to improve the electrical conductivity of 
polymers through the formation of a chained network at low content of the nano-
reinforcements. The effects of electric-field-induced alignment of the nano-
reinforcements on the fracture property of its composites have yet to be explored. 
Besides, only limited research has been reported on the comprehensive modelling of the 
fracture properties of nanocomposites [106], and this study was focused on one-
dimensional nano-reinforcements such as CNTs. Thus, there is a lack of suitable 
models that can be utilized to analyse the fracture properties of nanocomposites with 
two-dimensional nano-reinforcements such as GNPs.  
Electric-field can be used to align carbon nano-reinforcements in glass fibre-
reinforced composite, but it will be ineffective for carbon fibre composite. 
Alternatively, very high strength magnetic-field has been shown to align carbon nano-
reinforcements in epoxy composites. However, high strength magnetic-fields can also 
cause breakdown of the polymer chains which can be detrimental to the mechanical 
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properties of their nanocomposites. On the other hand, the carbon nano-reinforcements 
need to be functionalised with magnetic nanoparticles, in order for them to be aligned 
using weak magnetic-field. The alignment of Fe3O4 decorated nano-reinforcement holds 
the promise for achieving the preferential (i.e through-thickness) interlaminar 
reinforcements in carbon fibre composites. However, the effects of magnetic-field 
induced alignment of Fe3O4 functionalised carbon nano-reinforcements on the fracture 
properties of epoxy composites have not been studied.  
Several studies have shown that carbon nano-reinforcements can form 
conductive networks in polymeric materials at extremely low weight fractions [33, 34]. 
These conductive networks have been utilised for in-situ health monitoring of 
delamination and disbond damage in composite laminates [35, 36]. However, the short 
communication by Zhang et al. [210] is the only study reported on utilizing CNT 
networks to predict the crack growth damage in epoxy nanocomposite subjected to 
fatigue loading. In addition, very little research has been reported on the use of carbon 
nano-reinforcements to detect disbond damage in bonded composite joints. This PhD 
project will extend the technique proposed by Zhang et al. [210] to detect disbond 
damage in composite joints bonded with aligned carbon nano-reinforced epoxy.  
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Chapter 3 
3 Improving the Fracture Toughness of Epoxy 
Composites using Aligned Carbon Nanofibres 
Abstract 
There is an increasing demand for high performance composites with enhanced 
mechanical and electrical properties. Carbon nanofibres offer a promising solution but 
their effectiveness has been limited by difficulty in achieving directional alignment. 
This chapter investigates the use of an alternating current (AC) electric-field to align 
carbon nanofibres in an epoxy. During the cure process of an epoxy resin, carbon 
nanofibres (CNFs) are observed to rotate and align with the applied electric-field, 
forming a chain-like structure. The fracture energies of the resultant epoxy 
nanocomposites containing different concentrations of CNFs (up to 1.6 wt%) are 
measured using double cantilever beam specimens. The results show that the addition 
of 1.6 wt% of aligned CNFs increases the fracture energy, GIc, by about 1600% from 
134 to 2345 J/m2. A modelling technique is presented to quantify this major increase in 
the fracture energy with aligned CNFs. The results of this research open up new 
opportunities to create multi-scale composites with greatly enhanced multifunctional 
properties. 
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3.1 Introduction 
 One major factor limiting the property improvements achieved to date in epoxy 
nanocomposites has been the fact that the carbon nano-reinforcements are typically 
randomly-oriented, which arises naturally from the dispersion process using 
ultrasonication and/or mechanical mixing [63]. Theoretical modelling and 
computational simulations suggest that aligning nano-scale structures (e.g. CNTs and 
CNFs) in a certain direction should lead to substantial advantages compared with 
randomly-oriented nano-reinforcements. Indeed, numerical analyses have confirmed 
that 1.0 vol% aligned CNTs should increase the stiffness of an epoxy by about 300% 
[216] in the alignment direction. Similarly, the alignment of 3.0 vol% CNTs in epoxy 
normal to the crack growth plane is predicted to enhance the toughness by up to 400% 
[41]. Unfortunately, there is a dearth of suitable processes to align carbon nano-
reinforcements along the through-thickness direction of composites. However, recently 
the use of electric- and magnetic-fields to align nanoparticles in liquid resins, prior to 
curing, has been reported [44-46, 161, 216]. Under the application of an electric-field 
between a pair of parallel plate electrodes, the nano-reinforcements may align to form a 
chain-like network in the direction of the electric-field [52]. This mechanism of the 
self-aligning of conductive carbon nano-reinforcements in polymers offers a new 
opportunity to create multi-scale structures. Since thermosetting resins, such as epoxy 
resins, may typically possess a relatively low viscosity prior to cure, the application of 
an electric- and/or magnetic-field will be able to transform the randomly-oriented 
carbon-based nano-reinforcements to give a highly aligned structure. Upon curing, the 
aligned nano-reinforcements will remain in place in the resulting epoxy nanocomposite. 
The alignment of CNFs [52] and CNTs [150] using an electric-field has indeed been 
reported to improve the electrical conductivity of polymers through the formation of a 
percolating network at extremely low weight fractions of the added CNFs or CNTs. 
Khan et al. [150] has reported an additional 30% increase in the fracture toughness of 
CNT modified epoxy nanocomposites due to the alignment of the CNTs normal to the 
crack growth plane using a direct current (DC) electric-field. Although randomly 
aligned CNFs have also been reported [112] to improve the fracture toughness of 
nanocomposites, the effect of their alignment on the fracture energy has never been 
studied.  
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Considering that CNFs may be an excellent alternative to CNTs due to their 
wide availability and lower cost [59], this chapter focuses on dual improvements in the 
electrical conductivity and fracture toughness of an epoxy nanocomposite containing 
aligned CNFs. The alignment is accomplished by applying an external AC electric-field 
whilst the resin is liquid prior to crosslinking. Upon curing the epoxy resin, the resultant 
epoxy nanocomposite contains aligned CNFs. The effects of alignment of the CNFs on 
the fracture toughness of the epoxy nanocomposite are measured and theoretical 
modelling studies are undertaken to quantify the increase in the fracture toughness due 
to the alignment of the CNFs. The results are then compared to the values pertinent to 
the unmodified epoxy and the epoxy nanocomposites containing randomly-oriented 
CNFs.  
3.2 Materials and Experimental Methodology 
Materials 
The epoxy resin used was a liquid blend of bisphenol A and bisphenol F (‘105’ from 
West System) and the hardener (‘206’ from West System) was a blend of aliphatic 
amines and aliphatic amine adducts based on diethylenetriamine and 
triethylenetetramine. Commercially-available vapour-grown carbon nanofibres, 
Pyrograf® - III PR-24-HHT and supplied by Applied Sciences Inc., USA, were 
employed as the nano-reinforcement. The CNFs had a diameter of about 70 to 200 nm 
and a length of 50 to 200 µm [34]. Carbon fibre composite substrates were 
manufactured using 12 plies of unidirectional T700 carbon-fibre/epoxy-prepreg (VTM 
264 supplied by Applied Composites Group). The substrates, with dimensions of 300 
mm x 250 mm x 2.5 mm, were cured and consolidated in an autoclave at 120o C for 1 h, 
in accordance with the manufacturer’s recommended cure process. The substrate 
surfaces were abraded using 320 grit aluminium oxide abrasive paper, cleaned under 
running tap water for about 2 minutes, degreased with acetone, and finally cleaned with 
distilled water to remove any surface impurities. The substrates were then used as the 
electrodes between which the liquid epoxy resin mixed with the CNFs, prepared 
according the procedure described below, acted as an adhesive layer. 
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Dispersion and in-situ alignment of the CNFs in the liquid epoxy resin 
A three-roll mill (Dermamill 100) was used to disperse the CNFs in the liquid epoxy 
resin. Firstly, 1.0 wt% of the CNFs were hand mixed with dispersion-aiding additives 
based upon solvent-free acrylate copolymers, namely Disperbyk-191 and -192 
(supplied by BYK ®). The dispersive surfactants that were added to the CNFs were 
equal to the weight of the CNFs, resulting in a mixture of CNFs:191:192 weight ratio of 
1:1:1. The CNF-surfactant mixture was then added to the epoxy resin, with no curing 
agent yet added, and hand mixed for 5 minutes. This mixture was then passed four 
times through the three-roll mill at 150 rpm with varying gap sizes. In order to achieve 
a homogeneous dispersion of CNFs, with each subsequent pass the mill gap size was 
gradually reduced until the smallest gap setting of 20 μm had been reached. The 1.0 
wt% CNF/epoxy mixture was then diluted by adding epoxy resin, to achieve the desired 
weight fraction of CNFs (0.1%, 0.4%, and 0.7%) in the epoxy resin. A batch of 1.6 wt% 
CNFs was mixed and dispersed separately following the above procedure, due to its 
relatively higher weight fraction in the epoxy resin.  
To observe the AC electric-field induced alignment of the CNFs, a 0.1 wt% 
CNF/epoxy resin mixture was placed on a glass slide between two parallel carbon 
electrodes with a 1.5 mm separation distance. VTM264 carbon fibre-epoxy prepreg 
strips were used as electrodes. An AC signal generator (Tektronix CFG250) in 
combination with a wideband amplifier (Krohnhite 7602M) was used to apply 70 V AC 
at 10 kHz to generate the AC electric-field of 30 V/mm strength. The in-situ alignment 
of the CNFs in the liquid epoxy resin was observed using a Leica optical microscope. 
Time-lapsed images of the CNFs were acquired using a Leica DC 300 digital camera to 
observe the alignment of the CNFs in the epoxy resin. The distribution of the 
orientation angles of the CNFs was ascertained using the Leica image processing 
software.  
Joint manufacturing and testing 
The surface-treated carbon-fibre composite substrates (150 x 250 x 2.5 mm) were 
placed between glass fibre frames which were used as a dam to prevent the epoxy 
mixture from flowing out of the joint. Spacers, 2 mm in thickness made of glass slides, 
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were placed at both ends of the joint to control the thickness of the epoxy layer between 
the substrates. Teflon-coated tape about 30 mm long and 11 µm thick was placed at an 
approximately equal distance between the two substrates, at one end of the joint, to act 
as a crack starter. The amine-based curing agent was added to the dispersed CNF/epoxy 
resin mixture and hand-mixed for approximately 5 minutes. This CNF-modified epoxy 
resin mixture was then poured between the substrates. Such bonded joints were 
prepared using the epoxy nanocomposite as the adhesive layer for six different 
concentrations of CNFs (i.e. 0.0, 0.1, 0.4, 0.7, 1.0 and 1.6 wt%). Studies were 
undertaken for two different orientations of the CNFs (i.e. randomly-oriented and 
aligned). In order to achieve a highly aligned network of CNFs in the through-thickness 
direction of the epoxy nanocomposite layer, an AC electric-field of 30 V/mm at 10 kHz 
was applied between the carbon-fibre composite substrates during the initial one hour 
period of the curing cycle of the epoxy resin. The epoxy resin was then cured at room 
temperature (i.e. 250C) for 48 h in total to form the epoxy nanocomposite. After this 
time period, the CNF-epoxy nanocomposite is referred to as ‘n Random’ or ‘n Aligned’, 
where ‘n’ refers to the amount of CNF by percentage weight of the total epoxy resin 
followed by the orientation. The joints were then cut into 20 mm wide double-
cantilever beam (DCB) adhesively-bonded specimens. Figure 3-1 shows a schematic of 
the DCB specimen.  
 
A sharp crack tip was achieved by carefully wedging the crack opening from the tip of 
the Teflon film. A minimum of five DCB specimens were tested in a 10 kN Instron 
machine at a crosshead speed of 1 mm/min in accordance with ISO 25217 [217]. The 
load versus displacement curves were recorded continuously, and a travelling optical 
microscope was used to observe the crack length in the epoxy nanocomposite layer. 
The mode I fracture energy, GIc, was calculated based on ‘corrected beam theory’ 
[217]. The crack was always found to propagate cohesively through the epoxy 
nanocomposite layer itself. 
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Figure 3-1 : Schematic diagram of the double cantilever beam (DCB) specimen for 
fracture toughness testing. 
3.3 Results and Discussion 
3.3.1 Dispersion and In-situ Alignment Studies 
The as-supplied CNFs were in the form of agglomerates, as shown in Figure 3-2a. The 
use of the three-roll milling method was efficient at breaking up the agglomerates and 
dispersing the CNFs, as may be seen from Figure 3-2b. The diameter of the as supplied 
CNFs was measured from five different SEM micrographs (see Figure 3-2a) with a total 
CNF population equal to 510. As shown in Figure 3-2c, the diameter distribution of the 
CNFs has a range from 60 nm to 200 nm with a lognormal peak of about 95 nm. The 
post-dispersion length of CNFs in the epoxy resin was measured using the Leica image 
processing software. Figure 3-2d shows the length distribution of the CNFs after three-
roll milling. The three-roll mill dispersion resulted in sizes of the CNFs ranging from 2 
to 50 µm, with the majority of the CNFs having lengths of 16 to 24µm. Dispersion 
using ultrasonication or three-roll milling would inevitably reduce the length of CNFs, 
however three-roll milling has been reported to be less damaging [63]. Retaining a 
relatively long length for the CNFs during their dispersion in the epoxy is considered to 
be important for obtaining an effective toughening of the epoxy nanocomposite, since 
the theoretical improvement in the fracture energy of the epoxy, from a fibre pull-out 
mechanism, will be proportional to the square of half the embedded length of the CNFs 
[84].  
P 
b = 20 mm 
a0 = 50 mm 
l = 230 mm 
t = 2 mm 
P 
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Figure 3-2 : (a) SEM micrograph of the as supplied CNF and (b) optical micrograph of 
the epoxy resin/0.1 wt% CNF mixtures after three-roll mill dispersing; (c) diameter 
probability density function of the as supplied CNFs measured from SEM micrograph 
and (d) length probability density function of the CNFs after the three roll-milling 
dispersion process from image (b). 
The response of the CNFs in the liquid epoxy resin to the AC electric-field was 
verified through in-situ optical microscopy. An AC electric-field with an amplitude of 
30 V/mm at 10 kHz was applied to 0.1 wt% of CNFs dispersed in the epoxy resin (i.e. 
containing no curing agent). Observations using the optical microscope were made to 
measure the time to achieve alignment. Figure 3-3a shows an optical micrograph for 
t=0 minutes (i.e. before the application of the AC electric-field) and, therefore, the 
CNFs are randomly-oriented. Upon application of the AC electric-field the CNFs 
rotated to align in the direction parallel to the electric-field, as shown in Figure 3-3b. 
For a 30 V/mm electric-field strength, the time needed to complete the alignment 
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process was found to be about 5 minutes; beyond which no further improvement in the 
degree of alignment was observed. Figure 3-3c shows a comparison of the angle 
distribution between the randomly-oriented CNFs (i.e. no electric-field was applied) 
and the CNFs where the AC electric-field was applied for 5 minutes. The use of the AC 
electric-field has resulted in about 80% of the population of CNFs being aligned within 
±10o of the applied electric-field direction.  
 
 
Figure 3-3 : In-situ alignment of 0.1 wt% CNFs in the epoxy resin using the AC 
electric-field (a) t = 0 minutes (i.e. randomly-oriented CNFs) and (b) t = 5 minutes (i.e. 
aligned CNFs), the direction of the applied AC electric-field is indicated by the arrow; 
(c) comparison of the angle distribution of the randomly-oriented CNFs (from Fig 3a) 
and the CNFs aligned after being subjected to the AC electric-field for 5 minutes (from 
Fig 3b). 
As shown in Figure 3-4, the orientation of the CNFs was further verified using 
transmission electron microscopy to view 90 nm thick slices (obtained through 
ultramicrotomy) of the epoxy nanocomposite. The alignment of the CNFs can be 
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attributed to the dielectrophoresis process, which is widely used for electrophoretic 
deposition of particles [169]. In the dielectrophoresis process, a particle immersed in a 
dielectric medium undergoes polarization when subjected to an externally applied 
electric-field. This arises from the difference in the dielectric properties and the 
electrical conductivities between the particle and the medium. For one-dimensional 
particles, such as CNFs and CNTs, due to their shape anisotropy the longitudinal 
polarizability is at least an order of magnitude greater than the transverse polarizability 
[170, 171]. Therefore, when subjected to an electric-field, the difference in 
polarizability of the CNFs results in an induced dipole and its interaction with the 
electric-field gradient generates a torque resulting in rotation of the long axis of CNFs, 
so causing them to align along the external-field direction [172].  
 
Figure 3-4 : TEM images of the epoxy nanocomposites. (a) 0.7 wt% of CNFs and 
randomly-oriented. (b) 0.7 wt% of CNFs and aligned via the application of the AC 
electric-field for 5 minutes. (The arrows indicate the direction of the applied AC 
electric-field.) Inset shown in (d) gives a detailed view of CNF.  
3.3.2 Fracture Energy Studies 
As shown in Figure 3-5, the applied load versus crack opening displacement curves for 
the DCB tests with the adhesive layer comprising of unmodified epoxy or epoxy 
nanocomposites containing randomly-oriented or aligned CNFs all revealed that the 
type of crack growth was unstable, i.e. stick-slip, in nature, with the distinct “saw-
tooth” shaped load versus displacement curves typical of such failure. The maximum 
peak loads of these curves corresponded to the onset of crack growth, while the lower 
values of load corresponded to the arrest of the fast propagating crack. For the DCB 
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specimens with a higher weight content of CNFs in the epoxy nanocomposite layer, the 
length of the unstable crack growth was much greater, due to the higher maximum 
loads for crack propagation that were attained. Therefore, the load versus displacement 
curves for these samples had fewer peaks. The values of GIc for the onset of crack 
propagation were calculated using the maximum loads that were measured [217]. The 
locus of failure was along the centre of the unmodified (i.e. neat) epoxy polymer or 
epoxy nanocomposite layer in all cases. 
The results of the fracture toughness tests of the DCB tests with the adhesive 
layer comprising of unmodified epoxy or epoxy nanocomposites containing randomly-
oriented or aligned CNFs are shown in Figure 3-6. The average mode I fracture energy, 
GIc, of the unmodified epoxy layer for the DCB joint was found to be 134 J/m2, as 
would be expected for a relatively brittle epoxy. An increase in the value of the fracture 
energy was observed for all the epoxy nanocomposites. For the nanocomposites, the 
fracture energy increases almost linearly with the content of CNFs. In addition, a 
somewhat greater improvement in the fracture energy was consistently measured for 
samples containing aligned CNFs, with their orientation of course normal to the 
direction of crack growth. The ‘1.6 aligned’ specimen showed the highest 
improvement, with a sixteen fold increase in the fracture energy compared to the 
unmodified epoxy. 
     
Figure 3-5 : Load versus displacement curves for the epoxy nanocomposites containing 
different concentrations of CNFs and for both randomly-oriented or aligned CNFs in 
the epoxy nanocomposite layer. 
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Figure 3-6 : Values of the fracture energy, GIC, for the epoxy nanocomposites 
containing different concentrations of CNFs and for both randomly-oriented or aligned 
CNFs in the epoxy nanocomposite layer. 
Further, compared to the nanocomposites containing randomly-oriented CNFs, the 
alignment of the CNFs resulted in a consistent rise of about an additional 25% increase 
in the fracture energy for the concentrations investigated at, and below, 1.0 wt%. 
However, a further increase in the content of the CNFs to 1.6 wt% showed a relatively 
small difference between the fracture energies of the aligned and randomly-oriented 
CNF nanocomposites which was not statistically significant. Similar observations have 
been reported for CNT/epoxy nanocomposites at relatively high concentrations of 
CNTs, and were suggested to be due to the lack of free space available for the rotation 
and alignment of the CNTs in the epoxy when a relatively high concentration of nano-
reinforcement was present [150].The toughening mechanisms responsible for these 
observed improvements in the measured toughness are discussed in the following 
section. 
3.3.3 Toughening Mechanisms  
Post-failure examination of the fracture surfaces of the DCB samples gave an insight 
into the toughening mechanisms responsible for the improvements in the fracture 
energy of the epoxy nanocomposites. A typical featureless and smooth fracture surface 
was observed for the unmodified epoxy which was indicative of a very brittle fracture. 
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Figure 3-7 shows a photograph of the fracture surface for a nanocomposite sample 
where the regions of crack initiation and arrest are visible as curved lines across the 
width of the sample. In the epoxy layer of the DCB test, crack growth occurred under 
predominantly plane-strain conditions but with limited plane-stress conditions at the 
specimen edges of the specimen, which caused the curved profile of the crack front. 
There is a distinct whitening of the polymer along these crack initiation/arrest lines. 
Examination of these regions using the SEM revealed a pattern of tear marks, which 
provides evidence of plastic deformation in the epoxy polymer along the line of crack 
initiation, which would have occurred immediately before the onset of the rapid growth 
of the crack. Further away from the stress-whitened regions, where the crack had 
propagated rapidly, there was very little evidence of ductile, plastic deformation, and 
the glassy fracture surface was representative of a very brittle fracture having occurred. 
Figure 3-8 shows SEM micrographs of the stress-whitened region which correspond to 
the location of the onset of crack growth (i.e. the crack initiation location, see the inset 
in Figure 3-8) in the epoxy nanocomposites containing different contents of aligned 
CNFs. Patterns of tear marks were observed in most of these images, revealing the 
plastic deformation of the epoxy that had occurred in the stress-whitened regions, either 
just ahead of the crack tip or due to some extent of slow crack growth occurring prior 
rapid crack growth taking place. The size and roughness of the stress-whitened region 
both increased with CNF content. The increase in the severity of the tear marks and the 
roughness with increasing CNF content is indicative of the increased plastic 
deformation of the epoxy in the process zone ahead of the crack tip due to the presence 
of the CNFs. 
 
Figure 3-7 : Photograph of the crack fronts on the fracture surface of an epoxy 
nanocomposite with 1.0 wt% aligned CNFs. 
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Figure 3-8 : SEM images of the crack initiation region of the fracture surfaces for the 
epoxy nanocomposites containing aligned CNFs of concentration; (a) 0.1 wt%; (b) 0.4 
wt%; (c) 0.7 wt%; (d) 1.0 wt%; (e) 1.6 wt% and (f) is of the inset of (d) at a higher 
magnification for the1.0 wt% nanocomposite. 
 As shown in Figure 3-8, a significant number of CNFs were pulled out of the 
epoxy, leaving behind a void on the opposite crack surface. The areal density of the 
pulled-out regions of the CNFs increased with the increasing content of aligned CNFs. 
Moreover, some of the CNFs showed evidence of having experienced uncoiling and a 
cup-cone type of failure. This uncoiling phenomenon is unique to CNFs due to their 
stacked graphene cup morphology [112], which has been previously observed using 
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TEM, revealing an uncoiled nanoribbon of graphene sheet [120]. The uncoiling and 
cup-cone type failure of CNFs was observed for both aligned and randomly-oriented 
CNF-epoxy nanocomposites. However, the fibre pull-out mechanism is typically the 
most dominant mechanism in increasing the fracture energy [82]. The increase in the 
fracture energy during pull-out is due to the work of friction by the interfacial shear 
stress between the CNFs and the epoxy polymer. During this pull-out process the CNFs 
also formed a bridging zone behind the crack tip. This is evident from SEM 
observations of the crack bridging by CNFs, as shown in Figure 3-9. The average 
length of the CNFs bridging the crack at its maximum opening displacement was about 
8 μm. The bridging density of the CNFs decreased with decreasing content of CNFs, 
with almost no bridging being observed for the 0.1 wt% CNF-epoxy nanocomposite 
samples. In order to pull-out and bridge the crack, the CNF must firstly debond from 
the epoxy. The strain energy absorbed in overcoming the adhesion of the epoxy/CNF 
interface during the debonding process would also increase the fracture energy, but to a 
lesser extent. If the interfacial bond strength exceeds the strength of the nanofibres, the 
CNFs would rupture prematurely before pull-out occurred. However, the rupture of the 
CNFs would result in smaller improvements in the values of the fracture energy, since 
the strain energy consumed during fibre rupture is reported to be significantly lower 
than that pertinent to pull-out [85]. 
 Further, a significant number of relatively large voids are present around the 
CNFs (see Figure 3-8c-f) and are indicative of plastic void growth of the epoxy 
polymer in the process zone, which leads to an additional increase in the fracture 
energy, compared to the unmodified epoxy. This arises because in the process zone 
ahead of the crack tip, where a triaxial stress-field exists, the CNFs debond from the 
epoxy as the local stresses increase at the crack tip. The debonded CNFs act as voids in 
the epoxy which allows the polymer to deform plastically, and so the voids increase in 
size. For rubber- and nanosilica-toughened epoxies, this plastic void growth mechanism 
has been shown to significantly increase the fracture toughness of the material [99, 
119]. Therefore, the aggregate increase in the fracture energy of the epoxy due to the 
addition of the CNFs is considered to be a combination of the energy dissipated by (a) 
interfacial debonding of the CNFs from the epoxy, (b) the frictional energy associated 
with the CNFs now pulling-out from the epoxy, (c) void growth of the epoxy which 
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initiates from the hole created by the debonded CNFs, and (d) the CNFs bridging and 
finally rupturing across the crack faces, behind the advancing crack tip. 
 
Figure 3-9 : SEM images of CNFs bridging the crack in epoxy nanocomposites. (a) ‘0.4 
random’; (b) ‘0.4 aligned’; (c) ‘0.7 random’; and (d) ‘1.0 aligned’. 
 
Figure 3-10 : Comparison of the pull-out of CNFs in the epoxy nanocomposites for (a) 
‘1.0 random’ and (b) ‘1.0 aligned’ samples.  
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Considering the alignment of the CNFs perpendicular to the crack path in the 
nanocomposites, such alignment of the CNFs would lead to a higher fraction of CNFs 
participating in the above toughening mechanisms. For a random orientation of CNFs in 
the epoxy, the probability of the crack front encountering the CNFs depends on their 
orientation angle. For short fibre composites with a random fibre orientation, this 
probability is given by cosθ (refer to Figure 3-3c for the orientation axes), and for an 
orientation angle above 60o the probability is less than 50% [41, 218]. This would lead 
to a lower fraction of CNFs involved in the pull-out, bridging and rupturing 
mechanisms for the epoxy nanocomposites containing the randomly-oriented CNFs. 
This is clearly evident for the randomly-oriented materials, as is shown in Figure 3-10a, 
where a greater number of CNFs which were oriented parallel to the crack path have 
undergone debonding but without participating in the pull-out or void growth 
toughening mechanisms. While for the aligned epoxy nanocomposites, as shown in 
Figure 3-10b, almost all the CNFs have now undergone debonding and pull-out, and 
hence lead to the void growth mechanism being operative. In addition, if aligned 
normal to the direction of crack growth, the CNFs are far more likely to bridge the 
crack faces and undergo tensile rupture as the crack tip advances, as may be seen from 
comparing Figure 3-9c and Figure 3-9d.  
3.3.4 Theoretical Modelling of the Fracture Energy 
As discussed in the previous section, the primary toughening mechanisms in the epoxy 
nanocomposites based on the fractographic evidence were debonding and pull-out of 
the CNFs, plastic void growth of the epoxy initiated by the voids formed by the CNFs 
debonding and the CNFs bridging and finally rupturing across the crack faces behind 
the advancing crack tip. Assuming the application of continuum mechanics is valid at 
the nanoscale and the interfacial stress being constant [106, 219], the energy dissipated 
by fibre pull-out based on the conventional expression from Hull [83] is given by: 
            
            
 
                                           (3-2) 
where lpo is the nanofibre pull-out length, df is the diameter of the CNF,    is the 
interfacial shear strength and Npo is the total number of nanofibres per unit area of crack 
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surface. Npo is related to the volume fraction, Vfpo, of CNFs which are pulled-out from 
the epoxy: 
     
                
                    
  
      
    
  
    
  
                          (3-3) 
where Af is the nanofibre cross-sectional area and lf is the nanofibre length. For a given 
weight fraction of CNFs in the epoxy, not all of the CNFs are involved in the pull-out 
process. Therefore, the volume fraction of CNFs pulled-out from the epoxy Vfpo has 
been determined by counting from the SEM micrographs the number of CNFs on the 
fracture surface. A total of sixteen SEM micrographs were used per sample type to 
determine the CNF pull-out volume fraction. Previous studies have successfully 
demonstrated the use of a similar approach to analytically calculate the strength [220] 
and toughness [106] of CNT containing polymer composites. (Note: the CNF pull-out 
count from the fracture surfaces also includes the voids left behind by the CNFs pulled-
out onto the opposite crack face). Substituting Eq. (3-3) into (3-2) gives: 
            
           
  
        (3-4) 
The CNF pull-out length is difficult to determine with accuracy from SEM images of 
the fracture surfaces, particularly for samples with a relatively high volume fraction of 
CNFs. Also, relatively long CNFs are expected to rupture at the crack plane, since their 
embedded lengths on either side of the crack plane are long enough for the stress in the 
CNF to build up sufficiently to break them. Two outcomes are possible depending on 
the length of the embedded CNFs: (a) the CNFs pull-out when the length is shorter than 
the critical length given by the classical Kelly-Tyson [71] formula i.e. Lc =   df/2  , or 
(b) the CNFs rupture when their length is longer than the critical length. The longest 
possible pull-out length of the CNFs is equal to half the critical length of the CNFs 
embedded in the nanocomposites as given by the Kelly-Tyson formula: 
     
    
   
                                                                                                          (3-5) 
where    is the nanofibre strength. Substituting Eq. (3-5) into (3-4) gives the estimate of 
the pull-out energy in terms of the inherent properties of the nanocomposite as follows: 
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          (3-6) 
A wide range of values for the interfacial shear strength between CNFs and epoxies 
have been reported in the literature [221, 222]. However, the maximum possible 
interface strength between the epoxy and CNFs is limited by the shear strength of the 
epoxy polymer. From Table 3-1 the shear strength of the epoxy polymer may be taken 
to be half that of the tensile yield strength using Tresca yield criterion, giving a value of 
25 MPa. This value is used to estimate the contribution to the fracture energy from pull-
out of the CNFs.  
 The contribution to the fracture energy due to CNF bridging is from the energy 
required to pull-out the bridging CNFs from the epoxy, and is therefore accounted by 
           [85]. Whereas, the energy contribution due to the elastic deformation of the 
CNFs prior to rupturing, whether in the plastic zone ahead of the crack tip or in its 
wake, is given by [41]: 
           
               
 
  
      
    
    
                            (3-7) 
where     and       are the Young’s modulus and the tensile failure strain of the CNFs, 
respectively. 
 The CNFs undergo debonding prior to the pull-out process. The interfacial 
debonding of the CNFs is an essential process because it allows them to pull-out and 
initiates the occurrence of plastic void growth of the epoxy around the hole so created. 
The interfacial debonding energy, 'Gdb, is given by [83, 106]: 
     
       
  
                     (3-8) 
where Gi is the interfacial fracture energy between the CNFs and the epoxy. Ozkan et. 
al. [222] measured the interfacial fracture energy between CNFs and an epoxy 
polymeric matrix to be 3.3 J/m2, and this value was used in the present study. 
  In addition to the CNF pull-out mechanism, the plastic void growth of the 
epoxy matrix promoted by debonding of CNFs from the epoxy matrix would further 
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increase the fracture energy. In previous studies [119, 124], the plastic void growth 
mechanism was quantitatively shown to significantly improve the fracture toughness of 
a nanosilica modified epoxy polymer. Huang and Kinloch [223] have shown that the 
fracture energy, 'Gv, contribution from the plastic void growth mechanism can be 
calculated as follows: 
    (  
  
√ 
)
 
                                     (3-9) 
where Vvoid is the volume fraction of the voids and μm is a material constant allowing for 
the pressure dependency of the yield stress. The parameter Kvm is the maximum stress 
concentration for the von Mises stresses around a debonded CNF, which lies between 
2.11 and 2.12 [106]. The parameters σy and ryu are respectively the tensile yield stress 
and the plastic zone size at fracture of the unmodified epoxy. The plastic zone size is 
given by: 
    
 
  
     
         
                              (3-10) 
where Gcu is the fracture energy, Em is the tensile modulus and v is the Poisson’s ratio 
of the unmodified epoxy polymer. Each void is assumed to be a truncated cone with the 
smaller diameter equal to the diameter of the CNFs and the larger void diameter is 
determined from the SEM micrographs which have a varying distribution depending on 
the size of the CNFs. In the present study the void diameter was estimated from SEM 
micrographs to be approximately seven times the diameter of the CNFs around which 
the voids are formed. Therefore, the fracture energy, GIc, of the CNF toughened epoxy 
can be expressed as: 
                                                         (3-11) 
The above model is used to estimate the fracture energy improvement by considering an 
average CNF diameter equal to 135 nm as supplied by the manufacturer [53]. However, 
the energy contributions due to CNF pull-out, debonding and epoxy void growth 
depend strongly on the diameter of the nanofibres. The probability distribution of the 
CNF diameter is shown in Figure 3-2c. The 135 nm diameter value provided by the 
manufacturer corresponds to the median of this distribution. By accounting for the 
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distribution of the CNF diameter, the total fracture energy can be expressed in terms of 
the diameter probability function,      : 
                   ∫                      
    
    
                  (3-12) 
          is not dependent on the CNF diameter as can be seen from Eq 7. The fracture 
energy modelling results are calculated from the experimentally determined values of 
Vfpo for the random and aligned nanocomposite, apart from the ‘1.6 aligned’ 
nanocomposite. However, for the nanocomposite with 1.6 wt% CNFs, it is difficult to 
determine the total number of CNFs pulled out on the crack surface due to their 
relatively high concentration. Therefore, the fracture energy is also modelled from the 
total volume fraction, Vf of the CNFs in the epoxy nanocomposites for comparison with 
the results obtained from the experimentally determined Vfpo. By assuming that all the 
CNFs in a unit volume of epoxy are intersected by the advancing crack, the Vf is 
estimated from the CNF weight fraction by considering the graphitic CNF wall density 
to be 1400 kg/m3 [224]. The values of all the input parameters used to calculate the 
fracture energy of the epoxy polymers containing the CNFs are given in Table 3-1 and 
Table 3-2.  
Table 3-1 : List of values for the various parameters used in the analytical modelling 
study. 
Parameter Symbol Unit Value Source 
CNF diameter df nm 135 [224] 
CNF average length after dispersion lf µm 20 This study 
CNF strength    GPa 8.7 [224] 
Young’s modulus of the CNF Ef GPa 320 [225] 
Density of the CNF ρf kg/m3 1400 [224] 
Density of unmodified epoxy ρm kg/m3 1011 [226] 
CNF/epoxy interface fracture energy Gi J/m2 3.3 [222] 
Tensile yield strength of unmodified epoxy σy MPa 50.5 [226] 
Young’s modulus of unmodified epoxy Em GPa 3.17 [226] 
Pressure dependent yield stress constant µm - 0.2 [223] 
Maximum von Mises stress concentration Kvm - 2.11 [106] 
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Table 3-2 : Measured values of the volume fraction, Vfpo, of CNFs which are pulled-out 
from the epoxy and the volume fraction, Vvoid, of the voids formed around the debonded 
CNFs. 
 
 
 
3.3.5 Results of theoretical models 
Figure 3-11 shows the results from the theoretical modelling studies compared to the 
experimentally measured values of GIc. The figure shows two curves calculated using 
the model assuming that the CNFs have the mean diameter (Eq. 3-11) or the diameter 
varies according to the probability density function (Eq. 3-12). The toughness values 
are slightly higher when it is assumed that all the CNFs have the same (mean) diameter. 
Good agreement can be seen between the experimental results and the predicted 
fracture energies which supports the primary toughening mechanisms which have been 
proposed for the epoxy polymers modified using randomly-oriented or aligned CNFs. 
The CNF pull-out and the epoxy void growth were the two most dominant toughening 
mechanisms, accounting for the majority of the fracture energy enhancement for all the 
epoxy nanocomposites. Table 3-3 shows a comparison of the highest fracture toughness 
improvements that have been reported in the literature for CNT and CNF modified 
epoxies against the nanocomposites studied here. It is noteworthy that the toughness 
improvements achieved in the present study are many times higher than those reported 
previously. These variations in the enhancement of the fracture energy may be mainly 
explained by the differences in the length of the CNFs, and its effect on the fracture 
energy due to pull-out of the CNFs as given by Eq. (3-4). For example, if the CNF 
length is reduced to 6 μm, as was the case in the study by Palmeri et al. [112], the 
fracture energy due to pull-out will be greatly reduced. In order to obtain a better 
estimate for such an effect, and for the purpose of comparison between the two studies, 
it has been assumed that the volume fraction of CNFs that are pulled-out is only 
CNFs (wt%) Vf (%) Vfpo (%)  Vvoid (%) 
Aligned Random  Aligned Random 
0.1 0.08 0.02 0.01  0.32 0.23 
0.4 0.33 0.23 0.18  3.99 3.34 
0.7 0.58 0.53 0.43  9.39 8.12 
1.0 0.82 0.78 0.63  13.76 11.91 
1.6 1.31 - -  - - 
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dependent on the content of CNFs and is independent of the length. On this basis, for 
the 0.7 wt% of random CNF nanocomposite studied by Palmeri et al. [112], assuming 
that all the modelling parameters (besides the value of the nanofibre length, lf,) are 
similar in value to those used in the present work, the expected improvement in the 
value of the fracture energy, as given by Eq. (3-11) with a CNF length equal to 6 μm, 
would be about 116 %. This is very similar to the measured improvement reported in 
their study, see Table 3-3.  
   
Figure 3-11 : Comparison of the experimental and theoretically calculated fracture 
energies as a function of the concentration of CNFs. (a) Model calculations based on 
total volume fraction (Vfpo = Vf) using minimum, mean, maximum, and probabilistic 
distribution of the CNF diameter; and (b) model calculations based on the 
experimentally measured Vfpo for random- and aligned-CNF nanocomposites. 
The improvements in the fracture energy of epoxy polymer containing CNFs reported 
in some other studies can be similarly estimated and the data are given in Table 3-4.  
Using Eq. (3-11) or (3-12) and the relevant data in Table 3-1 and Table 3-4, the 
proposed model gives a reasonable estimate for the measured values of GIc reported 
previously in the literature, as may be seen from Table 3-3. It is also clear that the 
improvement in the fracture energy of the epoxy due to the addition of the CNFs or 
CNTs is strongly dependent on the dimensions of the nano-reinforcement, especially 
the fibre length. Thus, the use of longer CNFs, as in the present study, would indeed be 
expected to lead a better enhancement in the fracture energy of the epoxy 
nanocomposites. 
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Table 3-3 : Fracture toughness, GIc, values of epoxy polymers toughened with 1-D 
carbon nano-reinforcements. 
Source Nano-
reinforcement 
Content 
(wt%) 
Improvement 
(%) 
Model Prediction 
(%) 
The present study CNFs-Random 1.6 1500 1410 
CNFs-Random 1.0 850 880 
CNFs-Random 0.7 500 610 
CNFs-Random 0.4 180 350 
Tang et al. [109] MWCNTs 1.0 130 - 
Palmeri et al. [112] CNFs 0.68 113 95 
Liu et al. [227] CNFs 0.4 80 140 
Hsieh et al. [223] CNTs 0.5 70 60 
 
Table 3-4 : Parameters used to calculate the fracture energy improvement in Table 3-3 
using the theoretical model from Section 3.5 for the different studies from the literature. 
Source Nano-
reinforcement 
   
(MPa) 
lf 
(μm) 
df 
(nm) 
Palmeri et al. [112] CNFs 36 6 135 
Liu et al. [227] CNFs 36 20 135 
Hsieh et al. [223] CNTs 47 120 120 
3.4 Conclusions 
The fracture energy of a thermoset epoxy polymer modified by the addition of carbon 
nanofibres (CNFs) has been investigated. The CNFs were dispersed in a liquid epoxy 
resin using a surfactant and then processed employing a three-roll mill to give a good 
degree of dispersion with the majority of the CNFs having lengths of between 16 to 24 
µm. An AC electric-field has been found to be very effective in creating aligned CNFs, 
with a chain-like structure, in the epoxy resin with the majority of the CNFs lying 
within ± 100 of the applied electric-field. After alignment of the CNFs, the epoxy resin 
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was cured to give an epoxy polymer nanocomposite. The alignment of 0.4 wt% of 
CNFs in the epoxy nanocomposite resulted in an increase in the average fracture 
energy, GIc, from 134 J/m2 to 453 J/m2, compared to the unmodified epoxy polymer. 
The highest increase in toughness was for the epoxy nanocomposites which contained 
1.6 wt% of aligned CNFs. The fracture energy of this nanocomposite was increased by 
about 1600% from 134 to 2345 J/m2 and its electrical conductivity was seven orders of 
magnitude higher than that of the unmodified epoxy polymer. There were significant 
benefits of using the aligned CNFs in the epoxy nanocomposites compared to using 
only randomly-oriented CNFs. For example, at a content of 1.0 wt% of CNFs, the 
aligned CNFs in the epoxy nanocomposites resulted in a 27% increase in the fracture 
energy measured in the optimum directions, compared to the nanocomposites 
containing the randomly-oriented CNFs. The main toughening mechanisms which led 
to the increase in the fracture energy for the nanocomposites were identified to be (a) 
interfacial debonding of the CNFs from the epoxy, (b) the energy associated with the 
CNFs now pulling-out from the epoxy, (c) void growth of the epoxy which initiates 
from the hole created by the debonded CNFs, and (d) the CNFs bridging and finally 
rupturing across the crack faces, behind the advancing crack tip. Considering the 
alignment of the CNFs perpendicular to the crack path in the nanocomposites, such 
alignment of the CNFs led to a higher fraction of CNFs participating in the above 
toughening mechanisms, and thus accounted for the relatively higher values of GIc 
measured for these nanocomposites, compared to those containing randomly-oriented 
CNFs. 
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Chapter 4 
4 Improving the Fracture Toughness of Epoxy 
Composites using Aligned Graphene 
Nanoplatelets 
Abstract 
In this chapter, the effects of the alignment of graphene nanoplatelets (GNPs) using an 
alternating current (AC) electric-field on the fracture toughness of GNP-reinforced 
epoxy composites are investigated. Compared to neat resin, the electric-field induced 
alignment and the formation of chain-like microstructure produced nearly nine fold 
increase in the fracture energy (GIC) of the nanocomposites. A further enhancement in 
the fracture energy of about 30% was observed for the epoxy nanocomposites 
reinforced with aligned GNPs. Examination of the fracture surfaces reveals several 
toughening mechanisms attributing to the dramatic increase in fracture toughness, 
including crack pinning, rupture, debonding and pull-out of GNPs, crack bridging by 
GNPs, microcracks formation, and crack deflection.   
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Epoxy Nanocomposites with Aligned Carbon Nanofillers by External Electric 
Fields. In Proceeding of the 26th International Conference on Composite 
Materials, Copenhagen, Denmark, 2015. 
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4.1 Introduction 
Graphene shows great promise as a nano-reinforcement in polymer composites due to 
its unique structure, exceptional mechanical properties, and excellent thermal and 
electric conductivities [228, 229]. Due to the high aspect ratio of graphene nanosheets, 
substantial property improvements can be achieved even at small loadings [116, 230, 
231]. From Table 2-1 is can be seen that for a low weight fraction GNP reinforcement, 
the level of improvement to the fracture toughness of epoxy nanocomposites is twice of 
what has been achieved with any type of CNT or CNF reinforcements. Rafiee and co-
workers [103] compared the mechanical properties of epoxy nanocomposites with 0.1 
wt% of graphene, sing-wall carbon nanotubes, and multi-walled carbon nanotubes. It 
was demonstrated that graphene significantly out-performed other carbon nano-
reinforcements with 53% increase in mode I fracture toughness [103]. By varying the 
content of the graphene nano-reinforcement, they also found that enhancement of 
fracture toughness peaked at 0.125 wt% with a 115% increase [230].  
The results in Chapter 3 shows that there are additional benefits of using aligned 
CNFs to improve the fracture toughness and electrical conductivity of epoxy 
composites. Although, several studies have reported the use of electric-field to align 
carbon nanotube [51], carbon nanofibres [52], and carbon black [232] to improve the 
electric conductivity and mechanical properties of their composites. Very limited 
research has been done on investigating the alignment of graphene nanoplatelets in 
polymer and its effects on the electric and fracture properties. For instance, Kim et al. 
[48, 177] developed epoxy composites with graphite aligning in the electric-field 
direction and demonstrated that aligned graphite composites showed anisotropic 
mechanical properties but thermal expansion response is essentially isotropic. Chen et 
al. [47, 49, 50] prepared polyester resin composites with graphite nanosheets orienting 
along the applied AC electric-field and found that anisotropic electric properties were 
achieved. In spite of these studies, the effects of electric-field-induced alignment of the 
graphene on the fracture properties of its composites remain an important open question 
in polymer composites. 
In this chapter, an AC electric-field was applied across the liquid epoxy 
mixtures with graphene nanoplatelets (GNPs) during curing, producing a 
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nanocomposite with aligned GNPs, aiming to improve their fracture toughness. The 
electric-field-induced orientation and assembly were examined by using electron 
microscopy and in-situ optical microscopy. The properties of epoxy nanocomposites 
with both randomly oriented and aligned GNPs were investigated. To study the 
toughening effects, the GNP-epoxy composites were applied as the adhesive layer 
sandwiched between carbon fibre composite adherends, which also serve as the 
electrodes, in the form of bonded joints. GNPs were aligned in the epoxy adhesive layer 
along the electric-field direction normal to the bond surface. Fractographs were 
collected, based on which toughening mechanisms were proposed.  
4.2 Materials and Experimental Methodology 
Materials 
The graphene nanoplatelets (GNPs) used in this study were obtained from XG Science, 
having an average thickness of approximately 6 to 8 nanometres and an average particle 
diameter of 25 µm. The C:O ratio was determined to be 93:7 by using X-ray 
photoelectron spectroscopy (XPS) performed on a Thermo K-alpha XPS instrument. 
The epoxy resin used is a liquid blend of bisphenol A and bisphenol F (‘105’ from West 
System) and slow hardener (‘206’ from West system; a blend of aliphatic amines and 
aliphatic amine adducts based on diethylene triamine and triethylenetetramine). The 
composite adherends were manufactured from T700 carbon fibre/epoxy prepreg (VTM 
264) supplied by Applied Composites Group. 12 plies of this unidirectional prepreg 
with dimension of 300 mm × 250 mm × 2.65 mm were used to fabricate the adherends 
by curing in an autoclave at 120 oC for 1h as recommended by the manufacturer. 
DCB joint manufacturing and testing  
DCB joints were fabricated to study the fracture energy of epoxy nanocomposites 
containing 0.5, 1.0, 1.5 and 2.0 wt% of random and aligned GNPs in accordance to the 
procedure described in Chapter 3. The details of the fabrication process and DCB 
testing procedure are outlined in section 3.2. However, the dispersion of the GNPs in 
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the epoxy resin was achieved by combining sonication and calendaring. An appropriate 
amount of GNPs were first mixed with epoxy resin using a Hielscher UP200S 
ultrasonic homogenizer (0.5 cycles and 50% amplitude)  for 30 min, which can break 
up the graphene agglomerates. The mixture was further processed by passing through a 
three-roll mill (Dermamill 100) 10 times at 150 rpm with roller gap distances of 20 µm. 
After the dispersion process, a stoichiometric amount of curing agent was added to the 
mixture of epoxy/GNPs and stirred using a mechanical stirrer at 200 rpm for 5 min. The 
mixture was then degassed in a chamber for ~10 min. Finally, this mixture was used as 
an adhesive layer to bond carbon fibre-epoxy composite laminate to form DCB 
specimen for fracture toughness testing. Leica optical microscope were used to observe 
the response of GNPs to the AC electric-field using a setup similar to that described 
earlier in section 3.2.  
4.3 Results and Discussion 
4.3.1 Electric-field Directed Orientation and Assembly of 
GNPs 
In this work, in-situ optical microscopy was employed to investigate the response of 
GNPs to an AC electric-field with amplitude of 25 V/mm at 10kHz. Optical 
micrographs of the specimen were taken every 30s with some images shown in Figure 
4-1. Within 2 minutes of the application of the electric-field, the GNPs were observed 
to rotate and align along the direction of the external field. Well-defined chain-like 
structure was observed upon applying the electric-field for 10 min which turned into 
thick bundles with further application of electric-field. Similar observations have been 
reported by other researchers who studied CNTs [44, 150, 161] or carbon black [232] 
systems. When subjected to an electric-field, an inclusion in a dielectric liquid is 
polarized and gains dipole moment due to the different dielectric properties and 
electrical conductivity between the inclusions and liquid [48]. The polarization moment 
is generally not aligned with the electric-field for materials showing crystalline or shape 
anisotropy and thus a torque is induced acting on the inclusions. Two-dimensional 
graphene nanoplatelets (GNPs) have shape anisotropy and the polarization parallel to 
the platelet is much higher than that perpendicular to it. 
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Figure 4-1 : Optical micrographs of GNPs in the liquid epoxy resin (at a content of 0.2 
wt%) during the application of the AC electric-field (25 V/mm): (a) Randomly-oriented 
GNPs before the field was applied; (b), (c), and (d) after the field was applied for 4 
minutes, 10 minutes and 20 minutes, respectively. 
The overall torque acting on an inclusion is the superposition of the torques induced by 
fields parallel and perpendicular to its axes. The electric-field-induced force is the 
driving force for the orientation of the GNPs against the viscous drag of the epoxy resin 
along the electric-field. Dipole-dipole attraction is another important phenomenon when 
exposed to an external electric-field. Once the polarized inclusions are oriented along 
the field direction, they interact with each other as dipoles. Due to the opposite charges 
at their edges, they gradually move closer and connect head-to-head, forming chain-like 
structures [233]. Other fillers such as carbon nanotube [51], carbon nanofibres [52], and 
carbon black [232] carbon nanocones [234], graphite nanosheets [47, 49, 50] etc. are 
found to form a network and create chain-like structure from one electrode to the other. 
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Figure 4-2 : SEM (a) and TEM (b) images of epoxy nanocomposites with randomly 
orientated GNPs; SEM (c) & (e) and TEM (d) & (f) images of epoxy nanocomposites 
with orientated GNPs taken at different magnification. The insert in (f) is SAED pattern 
of the graphene nanoplatelets in (f). 
Figure 4-2a and b show the SEM and TEM images of 1 wt% GNP-epoxy 
nanocomposites prepared in the absence of an electric-field. No alignment features was 
revealed and GNPs was randomly oriented in epoxy matrix. However, in the case of the 
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GNP-epoxy nanocomposites prepared under an electric-field, it is clearly observed that 
the GNPs have oriented along the direction of the electric-field (see Figure 4-2c, d and 
e). As illustrated in Figure 4-2c and e, graphene nanoplatelets are oriented parallel to 
the electric-field. For TEM investigation, voids, separately dispersed graphene 
nanoplatelets, and multi-layered graphene nanoplatelets are observed, as indicated by 
arrows in Figure 4-2d. The diamond knife used in ultramicrotoming for TEM specimen 
preparation usually induced high stress. The multi-layered GNPs normally would 
delaminate or slip by each other under such high stress, resulting in voids which were 
also reported by other researchers [115, 235]. SAED (selected area electron diffraction) 
was employed to distinguish GNPs from amorphous epoxy matrix and Figure 4-2f 
gives an example. Well-defined spot pattern was obtained from the region next to the 
void indicating the presence of crystalline GNPs. By contrast, a diffuse diffraction ring 
pattern (not shown here) typical of a disordered structure was obtained from the region 
far away from the void. It should be noted that only a small number of GNPs can be 
seen within an image due to the high magnification both for SEM and TEM 
investigation. 
4.3.2 Fracture toughness  
The effects of electric-field-induced alignment of graphene nanoplatelets on the 
toughening in epoxy were investigated using mode I double cantilever beam specimens 
in the form of epoxy bonded joints. All DCB specimens showed cohesive failure within 
the adhesive layer. Figure 4-3 gives the representative load-displacement curves of 
GNP-epoxy nanocomposites with 0.5 and 2.0 wt% GNPs contents. The GNP-epoxy 
nanocomposites with 0.5 and 1.0 wt% GNPs exhibited a stick-slip crack growth 
behaviour, which was similar to the fracture behaviour of the unmodified epoxy. This 
was evident from the “saw-tooth” shaped load-displacement curves obtained for the 
samples containing 0.5 and 1.0 wt% GNPs (see Figure 4-3a). The sudden load drops 
correspond to the unstable crack growth of size ~ 10-30 mm. In comparison, the GNP-
epoxy nanocomposites containing 1.5 and 2.0 wt% GNPs exhibited a more stable 
fracture behaviour with much smaller crack growth of ~ 3-5 mm.  
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Figure 4-3 : Load versus displacement curves for the randomly-oriented or aligned  
GNP-epoxy nanocomposites containing (a) 0.5 wt% and (b) 2.0 wt% GNPs. 
Figure 4-4 shows the strain energy release rate (GIC) of epoxy nanocomposites 
with different GNPs contents, prepared without and with application of the electric-
field. It can be seen that the fracture toughness significantly increased with the addition 
of GNPs. The neat epoxy showed GIC at ~ 134 J/m2, which increased to ~380 J/m2 with 
the addition of 0.5 wt% of GNPs. Adding 1 wt% of GNPs brought about nearly 5-fold 
increase (~800 J/m2) in the fracture toughness, which further increased to ~ 1050 J/m2 
when the concentration of GNPs was increased to 2.0 wt%. The application of an 
electric-field further improved the fracture toughness. The epoxy nanocomposites with 
0.5, 1.0, 1.5 wt% of GNPs prepared under electric-field showed ~ 40% improvement 
compared with those prepared without applying an electric-field whereas only ~ 6% 
improvement was observed at higher concentration  (2.0 wt%). The decline in fracture 
toughness improvement efficiency may be ascribed to the reduced degree of orientation 
and the deteriorating agglomeration at higher GNPs concentrations.  
For comparison, maximum GIC and KIC (critical-stress-intensity factor) values of 
several GNP-epoxy nanocomposites in the literature were summarized in Table 4-1. 
Due to the large variations of the GIC values, the increment of fracture toughness 
compared to the neat epoxy is given here. 
(a) (b) 
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Table 4-1 : Summary of the toughness and the toughening mechanisms in several 
epoxy/graphene nanocomposites as reported in the literature.  
Filler Fracture 
testa 
Maximum 
GIc  incrementb 
Maximum 
KIcc incrementb 
Ref. 
GNPs Randomly-oriented DCB 684 % (2 wt%)  The 
present 
work. Aligned 891 % (1.5 wt%)  
Jeffamine/Araldite-F modified 
graphene  
CT 597% (0.5 wt%)  [236] 
Graphene foam SENB  70% (0.1 wt%) [237] 
4,4’-diaminophenylsulfone 
modified graphene  
CT 196% (1 wt%) 116% (1 wt%) [115] 
Thermally reduced GO CT  52% (0.2 wt%) [235] 
Poly(butadiene acrylonitrile) 
modified  graphene oxide (GO) 
CT 140% (0.04 wt%)  [238] 
Thermally expanded GO CT 115% (0.125 wt%)  [230] 
Graphite nanoplatelets SENB  50%  (1.0 wt%) [239, 
240] 
Thermally reduced GO 40%  (0.5 wt%) 
GO SENB 111% (1 wt%)  [114] 
4,4’-methylene diphenyl 
disocyanate modified graphene 
CT 200% (4 wt%)  [116] 
GO SENB  75% (0.1 wt%) [241] 
a)Fracture tests: DCB (double cantilever beam) test; CT (compact tension); SENB 
(single-edge notch bending).  
b)The value in brackets states the content of the graphene-based nano-reinforcement. 
c)KIc is the critical value of the stress-intensity factor for fracture. 
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The best reported enhancement in GIC is 597 % with 0.5 wt% of graphene platelets 
chemically modified by a surfactant followed with further modification by diglycidyl 
ether of bisphenol A [236]. The corresponding performance of GNP-epoxy 
nanocomposites presented here was among the best especially those prepared under 
electric-field with aligned GNPs. 
 
Figure 4-4 : The mode I fracture energy of the neat epoxy and its GNPs nanocomposites 
prepared without and with applying an electric-field.  
4.3.3 Fractography 
Examination of the fracture surfaces of the DCB samples gave an insight into the 
toughening mechanisms responsible for the improvements in the fracture energy of the 
epoxy nanocomposites. A typical featureless and smooth fracture surface was observed 
for the unmodified epoxy which was indicative of a very brittle fracture. Figure 4-5a 
shows a photograph of the fracture surface for a nanocomposite sample where the 
regions of crack initiation and arrest are visible as curved lines across the width of the 
sample. There is a distinct whitening of the polymer along these crack initiation/arrest 
lines. Figure 4-5b shows SEM image of these regions revealing a pattern of tear marks, 
which provides evidence of plastic deformation of the epoxy polymer along the line of 
crack initiation. The severity of the tear marks increased with the GNPs content in the 
epoxy. In comparison, the patterns of tear marks was less sever in the regions where 
rapid crack propagation had occurred.  
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Figure 4-5 : (a) Fracture surface of DCB specimen bonded with aligned GNP-epoxy 
composites (1.0 wt%); SEM image of (b1) the stress-whitened and (b2) crack 
propagation area.  
The fracture and toughening processes induced by the presence of the GNPs are 
shown in Figure 4-6 and Figure 4-7. Discrete microcracks (typically of the size of the 
GNPs, i.e. 10–25 µm long) were created immediately ahead of the main crack within 
the nanocomposites (see Figure 4-6b). The microcracks initiated at the epoxy/GNPs 
interfaces due to the stress concentrations created by the mismatch in the Young’s 
modulus and Poisson’s ratio of the graphene and the epoxy polymer. In addition, as 
evidenced in Figure 4-7, microcracks also developed due to delamination between the 
nanosheets within the GNPs and interfacial debonding of the GNPs from the epoxy 
polymer matrix. This indicates the relatively weak bonding between the graphene 
sheets and at the epoxy-graphene interface that occurs when GNPs are used without any 
functionalisation. The formation of microcracks ahead of the main crack is an intrinsic 
toughening mechanism which increases the fracture resistance of low toughness 
materials [12], and this would account, in part, for the higher toughness of the epoxy 
nanocomposites.  
  
 
(a) 
stress whitening unstable cracking 
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Figure 4-6 : SEM images of crack tip region of a DCB specimen with 2.0 wt% GNPs 
oriented in the epoxy adhesive layer, showing evidence of: (a) crack deflection; (b) 
microcracks at the crack tip; (c) microcracks induced crack deflection and branching; 
(d) crack bridging and graphene pull out. (b) and (c) are magnified SEM images taken 
from the circular and rectangular region in (a), respectively. 
Figure 4-6c shows that the discrete microcracks coalesced into a multi-branched 
network of longer cracks which then connected with the main crack front. This is also 
an effective intrinsic toughening process which contributes to the increase in the 
fracture toughness of the nanocomposites. In addition, there was a progressive increase 
in the fracture surface roughness with the increase in content of GNPs. This was due to  
the increased degree of crack bifurcation and branching which would also increase the 
toughness of the epoxy nanocomposites. Furthermore, the orientation of the GNPs at 
some inclined angle to the crack growth direction will obviously increase the 
probability of the main crack encountering them and thus induce more crack deflection 
and branching. Hence, the presence of a relatively high level of inclined GNPs, 
approximately transverse to the crack growth direction, will provide an enhanced 
toughening effect in the epoxy nanocomposites. Indeed, examination of the crack tip at 
high magnification (Figure 4-6d) revealed fracture and pull-out of GNPs, and crack 
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bridging by the pulled-out GNPs. The transversely-aligned GNPs tended to initially 
bridge the crack over a crack-opening distance of up to ~20 µm, which is equivalent to 
the size of the nanoplatelets. As the crack propagated along the DCB specimen, the 
GNPs fractured and pulled-out from the epoxy polymer matrix. These very effective 
extrinsic toughening mechanisms, which are not significant in the epoxy 
nanocomposites containing randomly-oriented GNPs, account for the more effective 
toughening. 
 
   
   
Figure 4-7 : SEM images taken at higher magnifications from fracture surface of DCB 
specimens with 1.0 wt% GNPs oriented in the epoxy adhesive layer, revealing evidence 
of: (a) graphene debonding/pull out; (b) debonding/pull out (white arrows) and rupture 
of graphene (black arrows); (c) microcracks; (d) crack deflection. Note that the insert in 
(c) is a magnified SEM image from the rectangular area in (c).  
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4.4 Conclusion 
The application of an AC electric-field has been shown to align GNPs, and to drive the 
GNPs to form a chain-like network nanostructure, in an epoxy polymer along the 
electric-field direction. Aligning the GNPs transverse to the crack growth direction has 
dramatically improved the fracture toughness (of up to nearly 900%). These properties 
are far superior to those achieved by randomly-oriented GNPs. Both intrinsic and 
extrinsic toughening mechanisms have been identified as the major factors responsible 
for the remarkable increase in fracture toughness. Specifically, the main intrinsic 
toughening mechanisms for the epoxy nanocomposites containing transversely-aligned 
GNPs include micro-cracking and debonding of the GNPs, pinning and deflection of 
the main crack. The extrinsic toughening mechanisms include pull-out of and bridging 
by the GNPs. The orientation of the aligned GNPs transverse to the crack direction 
increases the probability of interactions occurring between the advancing crack tip and 
the GNPs. This greatly enhances the effectiveness of the extrinsic toughening 
mechanisms and leads to a significant increase in the fracture toughness compared to 
randomly-oriented GNPs. The differences in the properties between the epoxy 
nanocomposites containing randomly-oriented GNPs and aligned GNPs become less 
marked when the content of the GNPs increases to above about 1.5 wt%. This may be 
ascribed to the increased agglomeration and reduced degree of alignment of the GNPs 
at contents above about 1.5 wt%. The present chapter has clearly demonstrated that an 
AC electric-field can be applied to control the orientation and alignment of GNPs in an 
epoxy resin and therefore enables the fabrication of high-performance GNP-epoxy 
nanocomposites. 
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Chapter 5 
5 Modelling and Comparison of the Fracture 
Toughness and Electrical Conductivity of 
Carbon Nanofibre and Graphene Nanoplatelet 
Reinforced Epoxy Composites 
Abstract 
This chapter compares improvements to the fracture energy and electrical conductivity 
of epoxy nanocomposite materials reinforced by one-dimensional CNFs or two-
dimensional GNPs. A mechanistic model is presented to quantify the contributions 
from the different toughening mechanisms responsible for the improvements seen in 
their toughness. The effects of the shape, orientation and concentration (i.e. 0.5, 1.0, 1.5 
and 2.0 wt%) of nanoscale carbon reinforcements on the property improvements are 
presented. The model results show that one-dimensional CNFs are more effective at 
increasing the intrinsic toughness of epoxy via void growth, whereas two-dimensional 
GNPs are more effective than CNFs at improving the extrinsic toughness via crack 
bridging and pull-out.    
The research presented in this chapter has been published in the following journal and 
conference papers: 
x Ladani RB, Wu S, Kinloch AJ, Ghorbani K, Zhang J, Mouritz AP, Wang CH. 
Multifunctional properties of epoxy nanocomposites reinforced by aligned 
nanoscale carbon. Materials & Design. 2016;94:554-564. 
x Wang CH, Ladani RB, Wu S, Kinloch AJ, Zhang J, Ghorbani K, Mouritz AP. 
Epoxy Nanocomposites with Aligned Carbon Nanofillers by External Electric 
Fields. In Proceeding of the 26th International Conference on Composite 
Materials, Copenhagen, Denmark, 2015. 
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5.1 Introduction 
Research into polymer nanocomposites has recently advanced to a level where several 
important properties, such as strength and stiffness, can be predicted using various 
modelling approaches [242, 243]. This enables an effective ‘materials design’ approach 
to be adopted for this new class of materials, which reduces the cost and accelerates the 
introduction of novel and improved nanocomposite materials. However, only limited 
research has been reported on the comprehensive modelling of the fracture properties of 
nanocomposites [106, 219], and these studies have focused on one-dimensional nano-
reinforcements such as CNTs and CNFs. Thus, in spite of recent efforts, there is a lack 
of suitable fracture models that enable the optimum design of nanocomposites with 
two-dimensional nano-reinforcements for high crack resistance.  
In this chapter, the effects of shape, orientation and concentration of the nano-
reinforcements on the electrical conductivity and fracture toughness of epoxy 
nanocomposites are investigated.  Additional epoxy nanocomposite samples containing 
0.5, 1.5, and 2.0 wt% of random and aligned CNFs were fabricated and tested using the 
methodology presented earlier in section 3.2. This enabled a direct comparison of the 
fracture toughness and electrical conductivity of the CNF- and GNP-epoxy 
nanocomposites studied in the earlier chapters. A mechanistic fracture model is 
presented to quantify the improvements in fracture toughness of polymer 
nanocomposites reinforced by two-dimensional GNPs. The numerical accuracy of the 
model is compared against experimental toughness values. The model results are then 
used to identify the primary toughening mechanisms for the GNP-epoxy 
nanocomposites and it is compared against the CNF-epoxy nanocomposites.   
5.2 Materials and Experimental Methodology 
To study the electrical conductivity of the epoxy nanocomposites, the nano-
reinforcement /epoxy mixtures were placed in a silicon rubber mould. The mould was 
then placed between two aluminium plates which were used to apply an AC electric-
field of strength 30 V/mm in the thickness direction during the initial one hour period 
(resin gelation time) of the curing cycle of the epoxy resin. The epoxy was cured at 
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room temperature for 48 hours and then machined into rectangular test specimens of 
size 25 × 20 × 2 mm for electrical conductivity measurements following the ASTM 
D257 standard. The DC conductivity measurements were performed using a high 
resistance meter (Agilent 4339B) at room temperature. Similarly, the AC conductivity 
measurements were also performed at room temperature using an impedance analyser 
(HP4192A). Additional DCB joints were fabricated to study the fracture energy of 
epoxy nanocomposites containing 0.5, 1.0, 1.5 and 2.0 wt% of random and aligned 
CNFs in accordance to the procedure described in Chapter 3. The details of the 
fabrication process and DCB testing procedure are outlined in section 3.2. 
5.3 Results and Discussion 
5.3.1 Electrical Conductivity  
Figure 5-1 shows the electrical conductivity of the CNF- and GNP-epoxy 
nanocomposites as a function of the frequency, using logarithmetic scales. For the 
nanocomposites containing aligned nano-reinforcements, measurements were made 
parallel to the alignment direction (i.e. through-thickness direction of the DCB joint). 
For the randomly-oriented GNP-epoxy nanocomposites with loadings of 0.5 wt% and 
1.0 wt% (Figure 5-1b) there is an increase in the capacitive component with increasing 
frequency, which is similar to that measured for the unmodified epoxy. However, for 
the 0.5 wt% aligned GNP-epoxy nanocomposite, there is a frequency-independent 
conductivity response at frequencies below about 100 Hz, and at higher frequencies the 
response is similar to that of the unmodified epoxy. A similar trend also occurs for the 
0.5 wt% randomly-orientated CNF-epoxy nanocomposite with a transition in frequency 
dependency at about 10 kHz (see Figure 5-1a).  
The frequency-dependent results of the electrical conductivity can be correlated 
using the universal dielectric relationship originally reported by Jonsher [244, 245] for a 
wide range of dielectric materials, 
                                                                                                                       (5-1) 
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where     is the DC conductivity,    is the dielectric permittivity of the free space 
(                    ),   is the angular frequency, and A is a constant. This 
conductivity relationship is applicable for frequencies below 1-10 GHz [244]. 
 
 
Figure 5-1 : Electrical conductivity of the epoxy nanocomposites as a function of 
frequency. AC conductivity of the (a) CNF-epoxy polymer nanocomposites and (b) 
GNP-epoxy polymer nanocomposites; all the solid lines indicate the best fit using 
Equation (5-1). 
101 102 103 104 105
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102(a)
AC
 C
on
du
ct
iv
ity
 (S
/m
)
Frequency (Hz)
Neat Epoxy  Model  Eq (5-1) 
0.5 Random 0.5 Aligned 
1.0 Random 1.0 Aligned 
1.5 Random 1.5 Aligned 
2.0 Random 2.0 Aligned
101 102 103 104 105
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102(b)
AC
 C
on
du
ct
iv
ity
 (S
/m
)
Frequency (Hz)
Neat Epoxy   Model  Eq (5-1) 
0.5 Random 0.5 Aligned 
1.0 Random 1.0 Aligned 
1.5 Random 1.5 Aligned 
2.0 Random 2.0 Aligned
104 
 
 For a nanocomposite containing a conductive filler (e.g. CNFs, GNPs), the 
conductivity is governed by percolation paths at low frequency and the dielectric matrix 
at high frequency. By curve-fitting the AC conductivity results of the unmodified 
epoxy, the value of the parameter A has been found to be 5.65. It is interesting to note 
that the same value of A can be used to model the frequency-dependent conductivity of 
all the concentrations of CNFs and GNPs used in the epoxy nanocomposites in the 
present investigation. The appearance of a DC plateau for the 0.5 wt% aligned GNP-
epoxy nanocomposite and the 0.5 wt% random CNF-epoxy nanocomposite indicates a 
transition from the insulating regime dominated by the epoxy to a conducting regime, 
which reflects the formation of some percolating nano-reinforcement networks. At 
higher concentrations of nano-reinforcements in the epoxy, the AC conductivity is 
dominated by the DC conductivity and becomes frequency-independent for both the 
CNF- and GNP-epoxy nanocomposites, irrespective of their orientation in the epoxy.  
   
Figure 5-2 : (a) Effect of concentration and alignment of CNFs and GNPs on the DC 
electrical conductivities of the epoxy nanocomposites; (b) comparison of the AC 
electrical conductivity results with the model given by Eq. (5-3) which is represented 
by the solid lines for corresponding concentrations of nano-reinforcement. 
 
The effects of nano-reinforcement content and orientation on the DC electrical 
conductivity of the epoxy nanocomposites is shown in Figure 5-2. The electrical 
conductivity of the randomly-oriented and aligned nanocomposites increase with the 
nano-reinforcement concentration up to ~1.5wt%, above which there is little or no 
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further increase.  The electrical conductivity does not increase further due to the 
difficulty in achieving a homogeneous dispersion at relatively high concentrations of 
nano-reinforcement using the calendaring process, but instead there occurs a significant 
agglomeration and clustering of the nano-reinforcement. Furthermore, at relatively high 
concentrations, the very close packing of the nano-reinforcements limits the free space 
needed for them to rotate and align when subjected to the applied AC electric-field. The 
conductivity of the nanocomposites with aligned nano-reinforcements is significantly 
higher than that for the nanocomposites with randomly-oriented nano-reinforcements. 
However, the improvements in the conductivity of the CNF-epoxy nanocomposites are 
much more pronounced than for the GNP-epoxy nanocomposites. The conductivity of 
fully graphitized CNFs used in this study is reported to be about 2 × 106 S/cm [246], 
whereas the conductivity of the multi-layered GNPs is about 100 S/cm (perpendicular 
to surface) to 107 S/cm (parallel to surface) [247]. The anisotropic electrical 
conductivity of the GNPs would result in increased contact resistance between multi-
layered GNP particles within a percolating network. This would lead to a lower 
conductivity improvement of the GNP-epoxy nanocomposites. Indeed, multi-layered 
graphite polymer composites have been reported to possess higher percolation 
thresholds with lower conductivity improvements [248] in comparison to their 
expanded graphite counterparts [249].   
The influence of the type of nano-reinforcement, and its orientation in the 
epoxy, on the percolation threshold, Vfc, can be determined from the scaling-law 
equation [33].  
                        (5-2) 
where Vf is the volume fraction of the nano-reinforcement and  B and n are material 
constants. Table 5-1 lists the values of the percolation threshold and the associated 
material constants which are determined by curve fitting to Eq. (5-2) the experimentally 
measured DC conductivity data as a function of        ) expressed as a weight 
fraction but otherwise according to the scaling-law equation. (It should be noted that the 
percolation threshold values and the corresponding constants are determined by 
searching for the highest R-value to establish the best curve fits.) The percolation 
thresholds for the nanocomposites with the randomly-oriented CNFs and GNPs are 
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found to be 0.43 wt% and 0.95 wt%, respectively. The alignment of the CNFs and 
GNPs lowers the percolation thresholds to 0.25 wt% and 0.4 wt% respectively. Also, 
from Figure 5-1, the percolation thresholds can be confirmed by the appearance of the 
DC plateau at the nano-reinforcement content which represents the percolation 
threshold. Thus, these results clearly demonstrate that the epoxy nanocomposites with 
aligned nano-reinforcements require a significantly lower content of nano-
reinforcement in order to achieve a conductive network, with the CNFs being more 
effective than the GNPs.  
The percolation threshold and the corresponding material constants from Table 
5-1 can be used to design epoxy nanocomposite materials with the desired electrical 
properties using the scaling law equation and the frequency-dependent conductivity 
response of the epoxy with the following expression if        
 (    )                        (5-3) 
where the dielectric response parameter (i.e. A ) can be obtained by curve-fitting the 
conductivity results of the unmodified epoxy polymer. As can be seen from Figure 
5-2b, the model predictions are in good agreement with the experimental 
measurements.  
Table 5-1 : The value of the scaling law parameter determined by curve fitting the 
experimental conductivity results of the epoxy nanocomposites  
Nano-
reinforcement 
Vfc (wt%) n B 
CNF Aligned 0.25 2.65 6.6 x 10-3 
CNF Random 0.43 2.22 3.5 x 10-3 
GNP Aligned 0.4 1.10 6.0 x 10-6 
GNP Random 0.95 1.54 3.0 x 10-7 
Note: The value of parameter A = 5.65 
5.3.2 Fracture energy comparison 
Figure 5-3 shows typical applied load versus crack opening displacement curves for the 
epoxy nanocomposites measured from the DCB test specimen. The unmodified epoxy 
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and all the CNF-epoxy nanocomposites (randomly-orientated or aligned) exhibited 
large and abrupt load drops with increasing displacement which is characteristic of 
unstable “stick-slip” type crack growth. The peak loads of the curves corresponded to 
the onset of crack growth, while the minimum loads corresponded to crack arrest. The 
GNP-epoxy nanocomposites with randomly-oriented or aligned GNPs at concentrations 
of 0.5 and 1.0 wt% also experienced unstable crack growth similar to that observed for 
the CNF-epoxy nanocomposites.  However, at higher GNPs concentrations of 1.5 and 
2.0 wt%, the fracture process was observed to transition to a more stable form of crack 
growth with smaller load drops. This suggests that different toughening mechanisms 
may operate in the CNF- or GNP-epoxy nanocomposites. The fracture energy values, 
GIc, for the onset of crack propagation were calculated using the maximum loads that 
were measured in accordance to ISO 25217 [217]. (The first peak of the load versus 
displacement curve was ignored to ensure that only subsequent values of the maximum 
loads, which were associated with crack initiation from relatively sharp (‘natural’) 
cracks were used to calculate GIc [217]). For all of the DCB tests bonded using the 
epoxy polymer nanocomposite and the unmodified epoxy, the locus of failure was 
along the centre of the polymer layer. 
 
Figure 5-3 : Typical load versus displacement curves for the epoxy nanocomposites 
containing 1.5 wt% of CNFs or GNPs (randomly-orientated and aligned). 
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Figure 5-4 : Effects of the nano-reinforcement concentration, shape and orientation on 
the fracture energy of the epoxy nanocomposites. 
 Figure 5-4 shows the effect of the weight fraction and orientation of the CNF 
and GNP nanoparticles on the fracture energy, GIc. The fracture energy increases almost 
linearly up to a nano-reinforcement concentration of 1.5 wt%, although no further 
improvements occurs at the highest concentration of 2.0 wt% due to agglomeration and 
restricted capacity to rotate the nano-reinforcement in the case of the aligned particles. 
Alignment of the CNFs and GNPs resulted in an additional toughening effect, with the 
fracture energies being respectively 25% and 40% higher for the nano-reinforcement 
concentrations under 1.5 wt%. The toughening mechanisms responsible for the 
improvements in the measured toughness are discussed in the following section. 
5.3.3 Fractographic Comparison 
Fractographic analyses of the DCB specimens provided a significant insight into the 
toughening mechanisms responsible for the improvements in the fracture energy of the 
epoxy nanocomposites. As shown in Figure 5-4a, the unmodified epoxy exhibited a 
smooth and featureless crack surface indicative of brittle fracture. In comparison, the 
fracture surfaces of the DCB samples containing  CNF-epoxy nanocomposites (at all 
concentrations) and the GNP-epoxy nanocomposites (with contents of 0.5 and 1.0 wt%) 
exhibited a stick-slip crack propagation with distinct stress-whitening of the epoxy in 
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the regions of crack initiation and arrest, as shown in a representative fracture surface in 
Figure 5-4b1. The stress-whitening arises from plastic deformation associated with the 
crack initiation process. The lengths of these stress-whitening bands increased with 
increasing concentration of the nano-reinforcements and hence correlate with the 
observed increases in the values of their fracture energy. For GNPs-epoxy 
nanocomposites with a nano-reinforcement concentration of 1.5 and 2.0 wt%, the crack 
propagation mode was observed to transition from stick-slip to stable growth, with 
distinct stress-whitening extending along the entire fracture surface as shown in Figure 
5-4b2.  
   
   
Figure 5-5 : (a) SEM image of the fracture surface of unmodified epoxy polymer; 
photograph of the fracture surface of epoxy nanocomposites with (b1) 1.5 wt % aligned 
CNFs and (b2) 1.5 wt% aligned GNPs; SEM images of the fracture surface of epoxy 
nanocomposites containing; (c) 1.5 wt% aligned GNPs; and (d) 1.5 wt% aligned CNFs.   
The fracture energy of the epoxy nanocomposites is increased by both intrinsic 
toughening processes ahead of the crack tip together with extrinsic toughening behind 
the crack front. In Figure 5-6, a significant number of relatively large voids are visible 
around both the CNF and GNP nano-reinforcements in the process zone immediately 
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ahead of the crack. These voids are indicative of high-strain plastic flow of the epoxy in 
the process zone. The epoxy void growth mechanism occurs when the triaxial stress-
field ahead of the crack tip is sufficiently high to cause debonding of the nano-
reinforcements from the epoxy.  
  
  
Figure 5-6 : Representative SEM images of the fracture surfaces of the region 
immediately ahead of the crack front of the epoxy polymer nanocomposites containing, 
(a1) and (a2) 1.5 wt% of CNFs which are randomly-oriented; (b1) 1.5 wt% GNPs which 
are randomly-oriented and (b2) is inset of b1 at higher magnification. 
A large amount of plastic strain energy is absorbed via debonding, initiation and growth 
of the voids, and this contributes to the increased fracture energy of the epoxy 
nanocomposites. The volume content of voids increased with the nano-reinforcement 
content, and this would account in part for the increased fracture energy of the 
nanocomposites with increasing CNF or GNP content. Indeed, for rubber- and 
nanosilica-toughened epoxies, this plastic void growth mechanism significantly 
increases the fracture toughness [99, 119]. Void growth occurred in the nanocomposites 
with randomly-orientated or aligned nano-reinforcements. However, as may be seen 
from Figure 5-6, the voids around the CNFs were significantly larger than around the 
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GNPs, and this would account for the higher fracture energy of the CNF-epoxy 
nanocomposites. 
   
   
   
Figure 5-7 : SEM images of the nano-reinforcement bridging the crack in epoxy 
nanocomposites containing; 1.0 wt% aligned GNPs (a1) at the crack tip and (a2) further 
down the crack wake; 1.0 wt% aligned CNFs (b1) at the crack tip and (b2) further down 
the crack wake. SEM image of the fracture surfaces of the 1.0 wt% of aligned nano-
reinforcements in epoxy nanocomposite containing (a3) GNP and (b3) CNF nano-
reinforcements. 
The epoxy nanocomposites also exhibited extrinsic toughening processes in the 
forms of bridging and pull-out of the nano-reinforcements, as shown in Figure 5-7. The 
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formation of the crack bridging zone was observed to begin with the pull-out of the 
nano-reinforcements from the epoxy, as shown in Figure 5-7a1 and b1. As the crack 
front passes across the nano-reinforcements, they start to debond and pull-out from the 
side with the shorter embedded lengths on either side of the crack plane (see Figure 
5-7a2 and b2), and this toughening process shields the crack tip from the applied stress.  
The length of the nano-reinforcement bridging zone was longer for the GNP-epoxy 
nanocomposites compared to the CNF-epoxy nanocomposites, as shown in Figure 5-7a1 
and b1. The frictional energy induced by the pull-out of nano-reinforcements from an 
epoxy is known to be a dominant toughening mechanism. The relatively long nano-
reinforcements rupture close to the crack plane since their embedded lengths is 
sufficiently long that they will break rather than pull-out (see Figure 5-7a3 and b3). The 
absorbed strain energy associated with this tensile rupture of the nano-reinforcements 
contributes to the increases observed in the fracture energy. 
The improvements to the fracture energy of the epoxy nanocomposites therefore 
result from the (a) frictional energy dissipated by pull-out of the nano-reinforcements, 
(b) rupture of the nano-reinforcements, (c) interfacial debonding of the nano-
reinforcements, and (d) plastic void growth which initiates from the microvoids created 
by the debonded nano-reinforcements. While these toughening mechanisms were 
common to both the randomly-oriented and aligned nano-reinforcements, the 
contribution of each toughening mechanisms depends on the nano-reinforcement 
orientation. Alignment of the nano-reinforcements perpendicular to the crack path leads 
to a higher fraction of the nano-reinforcement participating in the toughening 
mechanisms. For randomly-oriented nano-reinforcements, the probability of the crack 
front encountering the nano-reinforcements depends on their orientation, and for an 
oblique angle above 600 to the crack plane this probability is less than 50% [41, 218]. 
This would lead to fewer nano-reinforcements being pulled-out and contributing to the 
bridging and rupturing mechanisms.  
5.3.4 GNP Epoxy Composite Fracture Energy Modelling  
The primary toughening mechanisms operative in the nanocomposites were identified 
as (a) plastic void growth initiated by the debonded nano-reinforcements in the process 
zone ahead of the crack, (b) debonding and pull-out of the nano-reinforcements, and (c) 
113 
 
bridging and rupture of the nano-reinforcements behind the crack tip. Assuming the 
application of continuum mechanics is valid at the nanoscale and the interfacial stress 
between the nano-reinforcement and epoxy is constant, then the energy dissipated by 
the pull-out of two-dimensional platelets such as GNPs can be calculated using the 
conventional expression for particle pull-out [82]: 
                                   (5-4) 
where t, W, lpo are the thickness, width and pull-out length of the GNPs respectively and 
  is the interfacial shear strength. N is the total number of GNPs per unit area of crack 
surface, which is related to their volume fraction, Vf, using:  
             
              
  
   
     
  
  
    
  
   
  
          (5-5)   
AGNP and l are the cross-sectional area and total length of the GNPs in the epoxy, 
respectively. Substituting Eq. (5-5) into (5-4) gives: 
            
                 
   
           (5-6) 
The GNP pull-out length is difficult to determine with any high degree of accuracy 
from the SEM micrographs of the fracture surfaces. However, the pull-out length can be 
estimated in a similar way to the determination of the critical fibre length given by the 
classical Kelly-Tyson approach [71] where: 
     
    
         
.           (5-7) 
However, GNPs with lengths exceeding the critical length given by Eq. (5-7) are 
expected to fracture across the crack plane, since their embedded lengths on either side 
of the crack plane are sufficiently long for the stress in the GNP to build-up to cause 
their rupture. Therefore, the longest pull-out length without breaking is equal to half the 
critical length of the GNPs embedded in the epoxy: 
     
     
          
           (5-8) 
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where   is the tensile strength of the GNP. Considering the GNP properties as supplied 
by the manufacturer and with the experimentally measured interface strength between 
GNP and the epoxy matrix being ~2.3 MPa [250], then the GNP pull-out length is 
estimated to be about 8.7 Pm. This value is similar to the value determined from SEM 
observations of the length of GNPs bridging the crack, as shown in Figure 5-7a1 and a2. 
Substituting Eq. (5-8) into Eq. (5-6) gives the expression for the energy dissipated 
during pull-out of the GNPs: 
            
       
          
          (5-9) 
The increase in fracture energy due to crack bridging by the GNPs is equal to the 
energy required to pull-out the bridging GNPs from the epoxy, and is therefore 
accounted for by            [85]. However, the energy associated with the elastic 
deformation of the GNPs up to their tensile failure stress is given by: 
           
           
  
 
      
    
               (5-10) 
where EG and      are the Young’s modulus and the tensile failure strain of the GNPs, 
respectively. 
In addition, the GNPs debond from the epoxy prior to the pull-out process. The energy 
due to interfacial debonding can be derived using the same approach as that developed 
for debonding of fibres given by Hull [83]: 
       
               
   
                (5-11) 
where Gi is the interfacial fracture energy between the GNPs and epoxy. 
 Plastic void growth in the process zone ahead of the crack, which is initiated by 
debonding of the GNPs from the epoxy, increases the intrinsic toughness of the 
nanocomposites. The fracture energy contribution from the plastic void growth 
mechanism can be calculated by considering the model proposed by Huang and 
Kinloch [223]: 
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)
 
                                           (5-12) 
where μm is a material constant allowing for the pressure dependency of the yield stress 
and Kvm is the maximum stress concentration for the von Mises stresses around a 
debonded GNP [106]. The parameters σy and ryu are respectively the tensile yield stress 
and the plastic zone size at fracture of the unmodified epoxy. The plastic zone size is 
given by Eq. (3-10). 
From SEM fractographic observations, the volume fraction of voids, Vvoid, is 
estimated by assuming their shape to be an ellipsoid with their semi-major axis being 
equal to average half the width of the GNPs and their semi-minor axis being equal to 
four times the average GNP thickness as follows: 
(        )  (      
      
    
      )                          (5-13) 
By combining the analyses of the different energy terms given above, the fracture 
energy of the epoxy nanocomposites reinforced with 2-dimensional nano-
reinforcements can be calculated from the following expression: 
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                                                       (5-14) 
Similarly, the model for estimating the improvements in the fracture energy of 
the CNF-epoxy nanocomposites was presented in section 3.3.4. The expression to 
model the fracture energy, GIc, for one-dimensional CNF-epoxy nanocomposites (Eq. 
5-15) is outlined here for comparison with the two-dimensional GNPs (Eq. 5-14):  
        
    
   
   
 
    
    
    
 
       
  
 (    
√ 
)
 
   (
   
   
  
 )                                    (5-15) 
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Table 5-2 : List of values for the various parameters used in the analytical modelling 
studies. 
Parameter Symbol Unit Value Source 
CNF diameter df nm 70-200 [224] 
GNP thickness t nm 1-20 [247] 
GNP width W Pm 25 [247] 
CNF strength        GPa 8.7 [224] 
GNP strength    GPa 5 [247] 
Young’s modulus of the CNF Ef GPa 320 [225] 
Young’s modulus of the GNP EG GPa 1000 [247] 
Density of the CNF ρf kg/m3 1400 [224] 
Density of the GNP ρ kg/m3 2200 [247] 
GNP/epoxy interface strength     MPa 2.3 [250] 
Density of unmodified epoxy ρm kg/m3 1011 [226] 
Tensile yield strength of unmodified epoxy σy MPa 50.5 [226] 
Young’s modulus of unmodified epoxy Em GPa 3.17 [226] 
Pressure dependent yield stress constant µm - 0.2 [223] 
Maximum von Mises stress concentration Kvm - 2.11 [223] 
 
Although the values for the interface strength Wf between the CNF and epoxy are 
reported to be as high as 170 MPa [221], the value is in fact limited by the shear 
strength of the epoxy, which is approximately half that of the tensile yield stress using 
the Tresca yield criterion, giving a value of 25 MPa. The interfacial fracture energy Gi 
associated with debonding of the CNFs from the epoxy has been measured to be 3.3 
J/m2 [222]. At present there are no reports on the interfacial fracture energy between 
GNPs and epoxy. Therefore, a similar value for the interfacial fracture energy between 
CNFs and epoxy was used to estimate the energy dissipated during debonding of GNPs. 
The volume of the voids around the CNFs is assumed to be a truncated cone with the 
inner diameter equal to the diameter of the CNFs and the larger void diameter, dv, is 
determined from the SEM images to be approximately seven times. The values of all 
other input parameters used to calculate the fracture energy of the epoxy 
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nanocomposites are given in Table 5-2. The predictions from the model and a 
comparison with the experimental results are discussed in the following section.  
5.3.5 Results of the fracture energy modelling 
A comparison of the theoretical model predictions with the experimentally measured 
values of the fracture energies is shown in Figure 5-8. Good agreement can be seen 
between the experimental results and the calculated fracture energies for the highest 
CNF diameter and GNP thickness. The model is particularly sensitive to the diameter or 
thickness of the nano-reinforcements. Since, nano-reinforcements with larger diameter 
or thickness would enable longer pull-out lengths (see Eq. 5-8) leading to a greater 
increase in the degree of extrinsic toughening. The results shown in Figure 5-8 confirm 
the primary toughening mechanisms proposed for the epoxy nanocomposites modified 
using randomly-oriented or aligned nano-reinforcements. The calculated contributions 
to the improvement in the fracture energy from each of the toughening mechanisms are 
given in Table 5-3. Pull-out of the nano-reinforcements and void growth are the two 
most dominant toughening mechanisms, accounting for the majority of the fracture 
energy enhancement for all the epoxy nanocomposites. A notable difference between 
the modelling results for the CNF- and GNP-epoxy nanocomposites was that the 
intrinsic toughening due to void growth was more pronounced in the CNF-epoxy 
nanocomposites. In contrast, the extrinsic toughening due to GNP pull-out was 
significantly more dominant in the GNP-epoxy nanocomposites, accounting for almost 
four times the intrinsic energy dissipation via void growth in the epoxy around the 
GNPs.  This explains the transition to more stable fracture behaviour that was observed 
during DCB testing for the 1.5 wt% and 2.0 wt% GNP-epoxy nanocomposites. In these 
nanocomposites, the more pronounced extrinsic toughening in the form of pull-out and 
crack bridging by the GNPs was more effective at retarding crack growth leading to a 
more stable fracture process. By contrast, the CNF-epoxy nanocomposites absorbed a 
higher amount of energy in the process zone ahead of the crack via void growth, 
leading to a greater improvement in its intrinsic toughness. This is an interesting 
finding, as it enables the selection of the appropriate type of nano-reinforcement for the 
materials design of nano-reinforced polymers in order to achieve the desired fracture 
properties. One-dimensional nano-reinforcements such as CNFs may be more 
beneficial in resisting the initiation of fracture in the event of impact damage, whereas 
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two-dimensional nano-reinforcements such as GNPs may be more favourable for 
designing materials with a greater resistance to the unstable growth of cracks. 
   
Figure 5-8 : Comparison of the experimental fracture energies and theoretically 
calculated fracture energies (for the aligned nano-reinforcements) as a function of (a) 
CNF and (b) GNP weight content in the epoxy nanocomposites.  
 
Table 5-3 : Contributions to the fracture energy, GIc, of the epoxy nanocomposites for 
the various toughening mechanisms which were identified, as calculated from the 
analytical models for the highest values of the CNF diameter and GNP thickness. 
Nano-
reinforcement 
Concentration 
(wt%) 
ΔGpull-out 
(J/m2) 
ΔGrupture 
(J/m2) 
ΔGdb 
(J/m2) 
ΔGv 
(J/m2) 
CNFs 0.5 311 10 1.2 369 
1.0 622 19 2.4 737 
1.5 933 29 3.5 1106 
2.0 1243 39 4.7 1474 
GNPs 0.5 297 0.9 20 73 
1.0 595 1.7 39 146 
1.5 892 2.6 59 219 
2.0 1190 3.4 79 292 
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5.4 Conclusions 
The effect of the carbon nano-reinforcement shape, orientation and concentration on the 
improvements observed in the electrical conductivity and fracture toughness of epoxy 
nanocomposite materials have been investigated. The application of an AC electric-
field during the cure process of the resin can align CNFs or GNPs in the direction 
parallel to the external field. Compared to the unmodified epoxy, the improvements in 
electrical conductivity of the nanocomposites with aligned CNFs and GNPs were 
increased by about ten and seven orders of magnitude, respectively. Also, the 
percolation threshold of the nanocomposites containing aligned nano-reinforcements 
was about 50% lower that of their randomly-orientated counterparts. The values of the 
fracture energy, GIc, of the nanocomposites containing 0.5 wt% of randomly-oriented 
one-dimensional CNFs or two-dimensional GNPs was improved by up to about 200%, 
compared to the unmodified epoxy. An additional improvement in fracture energy of up 
to about 40% was achieved by aligning the nano-reinforcement transverse to the crack 
growth direction. The efficacy of the alignment of the nano-reinforcement on the 
improvement in the electrical conductivity and the fracture energies of the 
nanocomposites was found to diminish at higher concentrations of the nano-
reinforcement.  
The large improvements in the fracture energy of the epoxy nanocomposites 
were due to toughening mechanisms involving (a) debonding of the nano-
reinforcements, (b) the energy associated with the frictional pull-out of the nano-
reinforcements from the epoxy, (c) crack bridging and rupturing of the nano-
reinforcements, and (d) void growth around the debonded nano-reinforcements in the 
process zone. Fracture energy modelling revealed that the one-dimensional CNFs are 
more effective at increasing the intrinsic toughness in the form of epoxy void growth, 
whereas the two-dimensional GNPs are efficient at extrinsic toughening through pull-
out and crack bridging of the GNPs.  
The results from the present modelling studies were in good agreement with the 
experimental results and will enable the materials design of polymer nanocomposites, 
thereby resulting in the more rapid and cost-effective development of such novel 
materials. 
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Chapter 6 
6 Fatigue Resistance of Aligned Carbon 
Nanofibre Reinforced Epoxy Composites 
Abstract 
This chapter presents an investigation into the fatigue resistance of CNF-epoxy 
nanocomposites. The effects of the CNF weight content and orientation on the fatigue 
resistance of CNF-epoxy nanocomposite, and the toughening mechanisms are 
determined. The fatigue crack growth rate slowed rapidly with increasing CNF content, 
under mode I cyclic loading. The fatigue crack growth rate also slowed when the CNFs 
were aligned perpendicular to the crack growth direction up to a limiting concentration 
of about 0.7 wt%, above which no further improvement to the fatigue resistance was 
achieved due to their alignment. The fractographic analysis revealed a unique 
unravelling deformation mechanism in CNFs due to their double-layer microstructure. 
This unravelling mechanism only occurred when the CNFs are subjected to cyclic 
tension-compression fatigue loading. The fatigue loading causes the outer layer of the 
double-layer CNF to fracture and then the helical inner layer to unravel. This 
unravelling deformation mechanism also contributes to the significant improvement 
which is observed in the cyclic-fatigue resistance of CNF-epoxy nanocomposites. 
 
The research presented in this chapter is currently under second review for publication 
in the following journal paper: 
x Ladani RB, Wu S, Kinloch AJ, Mouritz AP, Wang CH. The unravelling of 
carbon nanofibres under fatigue loading, Small, 2016. (under review) 
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6.1 Introduction 
Existing airworthiness regulations prescribe that delamination cracks or disbonds within 
composites above a critical size must be repaired for continued service of aircrafts [8]. 
In addition, all safety critical composite structures must sustain the design ultimate load 
in the presence of damage above a critical size [9].  The critical size depends on several 
parameters including the loading and geometry of the structure, the location of the 
damage, and the properties of the structural material. The Federal Aviation 
Administration’s damage tolerant regulations permit short delamination cracks to be 
left unrepaired within aircraft structures provided they do not grow during service of the 
aircraft over a specified period of time [8]. However, aircraft composite structures are 
prone to rapid fatigue cracking under relatively low cyclic-fatigue loads due to the low 
fracture toughness and fatigue resistance of epoxy composites. This severely limits the 
allowable damage size for aircraft composite structures in comparison to their metallic 
counterparts.  Several studies have reported an improvement in the fracture toughness 
of epoxy composites reinforced with carbon nano-reinforcements [106, 107]. However, 
very few studies have investigated the fatigue performance of epoxy composites 
containing carbon nano-reinforcements [106, 210, 251, 252], and these studies have 
been mostly focused on the use of CNTs. At present there are no reported studies on the 
mode I fatigue resistance of CNF-reinforced epoxy composites.  
In this chapter, the mode I fatigue resistance of CNF-reinforced epoxy 
composites are studied. The study compares the fatigue performance of epoxy 
composite containing various concentrations of CNFs with random and aligned 
orientations. Detailed fractographic analysis is performed to understand the underlying 
toughening mechanisms promoted by CNFs when subjected to cyclic loading. Upon 
discovering a unique fatigue induced failure mechanism for CNFs on the fracture 
surface of fatigued epoxy nanocomposite specimens, additional in-situ tests were 
performed on individual CNFs to further investigate this failure mechanism. The 
influence of this unique CNF failure mechanism on the bridging traction behaviour of 
the CNF is evaluated using a mechanistic traction model. 
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6.2 Experimental Methodology 
Fatigue testing of the epoxy nanocomposite 
The fatigue testing was performed on samples similar to that fabricated to study the 
fracture energy of epoxy nanocomposites containing 0.4, 0.7 and 1.0 wt% of CNF in 
Chapter 3. The details of the sample fabrication process are outlined in section 3.2. 
Mode I cyclic-fatigue testing was performed by applying a constant amplitude 
sinusoidal cyclic load at a frequency of 10 Hz. The tests were performed using a 
computer-controlled Instron E3000 system with a 3 kN load cell under displacement 
control with a constant cyclic ratio (R-ratio). The ratio between the minimum and the 
maximum applied displacement in one load cycle was kept constant at 0.5. A sharp 
crack tip was achieved by carefully wedging the crack opening from the tip of the 
Teflon film. The specimens were then subjected to cyclic fatigue loading with the 
maximum crack opening displacement being chosen such that the initial value of the 
applied strain-energy release-rate was about 80% of the mode I fracture energy 
determined from the quasi-static test results in section 3.3.2. Delamination fatigue 
growth rates were measured at crack growth intervals of ~1 mm, in accordance with the 
load-shedding scheme prescribed in ASTM E647 [253]. The load-shedding process was 
continued until the crack growth rates reached the threshold value and no further 
delamination growth occurred. 
In-situ fatigue testing of the CNF 
In order to understand the sequence of the unique CNF deformation mechanisms, in-
situ fatigue testing was conducted on a single CNF in a SEM (model FEI Scios) 
equipped with a focused ion beam (FIB) and a manipulator needle. The in-situ fatigue 
testing was conducted on a CNF which was pulled out on the fracture surface of an 
epoxy nanocomposite specimen tested under static loading. As shown in Figure 6-1, the 
free end of the CNF was welded to the tungsten manipulator tip using platinum 
deposition. Then, the CNF was loaded under tension until the CNF/epoxy interface had 
failed and it had just begun to pull-out from the epoxy matrix. Then, the CNF was 
fatigue cycled under displacement control with an amplitude equal to ~25% of the free 
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length of the CNF. The CNF was fatigued for a total of 200 cycles and then the 
remaining embedded length of the CNF was pulled out of the epoxy matrix and it 
transferred on to a TEM grid for observation.    
   
Figure 6-1 : SEM images of the in-situ fatigue test setup showing the deformation of the 
CNF at (a) maximum and (b) minimum displacement amplitude. 
In-situ pull-out testing of the CNF 
In order to investigate the load carrying capability of CNF during the unravelling 
process, additional in-situ CNF pull-out tests were conducted in a SEM (model Quanta 
3D FEG) equipped with a focused ion beam (FIB) and a micro-manipulator, as shown 
in Figure 6-2. The in-situ pull-out testing was conducted on CNFs which were present 
on the fracture surface of an epoxy nanocomposite specimen tested under fatigue 
loading. The epoxy nanocomposite sample was mounted on a spring table with two 
parallel flat springs supplied by Kleindiek Nanotechnik which was fixed on to the SEM 
stage. The stiffness of the spring used was 125 N/m, which was calibrated prior to 
testing. The force exerted on the CNF was controlled via a constant displacement rate 
of the micro-manipulator needle. The micro-manipulator needle was kept orthogonal to 
the fixation of the flat springs during the pull-out tests. The pull-out force was 
calculated by using Hooke’s law (Eq. 6-1), with the displacement of the deflected 
spring-table being determined via image-processing of the SEM movie clips 1 and 2: 
                   (6-1) 
The Force Measurement Analysis software, STFMA (supplied by Kleindiek 
Nanotechnik) was used to process the image files to yield a force-extension curve. The 
124 
 
deflection of the spring,  , and the extension,     of the CNF were determined by 
measuring the average displacement of the group of pixels in boxes B and T, 
respectively. As shown in Figure 6-2, the changes in position of the group of pixels in 
boxes B and T may be determined with respect to their initial position according to the 
following relationships: 
                             (6-2) 
                                 (6-3) 
   
Figure 6-2 : (a-b) SEM images of the CNF pull-out test used to characterise the load 
versus extension behaviour of the CNF.  
6.3 Results and Discussion 
6.3.1 Fatigue Crack Growth Resistance 
Figure 6-3 shows the fatigue crack-growth rate (da/dN) plotted against the maximum 
value of the cyclic strain-energy release rate (Gmax) in the fatigue cycle for both the 
unmodified (‘neat’) epoxy polymer and the CNF epoxy nanocomposite. The measured 
crack growth rate exhibit the well-known Paris curve as a function of strain energy 
range as given by 
  
  
                   (6-4) 
125 
 
There is a small improvement in the cyclic fatigue resistance for the nanocomposite 
containing 0.4 wt% CNFs. This may be seen from Figure 6-3 where the fatigue crack 
growth rate curve for the nanocomposite is further to the right compared to that of the 
unmodified epoxy polymer. There by indicating that the rate of fatigue crack growth for 
the CNF nanocomposite is much less than that for the unmodified epoxy polymer at the 
same value of Gmax. Similarly, a much greater improvement to the fatigue resistance 
was observed for the epoxy nanocomposites containing 0.7 wt% CNFs. However, the 
highest level of improvement to the fatigue resistance was observed for the epoxy 
nanocomposite containing 1 wt% CNFs. The apparent threshold cyclic strain energy 
release range (∆Geq,th) required to start fatigue cracking from the pre-existing 
delamination was taken at a crack growth rate of 10-10 m/cycle. Using this growth rate 
to define the start of fatigue crack growth, then the threshold strain energy required to 
initiate fatigue cracking for the unmodified epoxy was about 20 J which is typical of 
brittle epoxies [254]. The reinforcement of the epoxy with 0.4 wt% CNFs lead to an 
increase in the threshold strain energy to 25 J. In addition, there was no apparent 
improvement in the threshold strain energy of the epoxy nanocomposite reinforced with 
0.4 wt% of the aligned CNFs. In comparison, a somewhat greater improvement to the 
threshold strain energy was observed for the epoxy nanocomposite reinforced with 0.7 
and 1.0 wt% CNFs. In comparison to the unmodified epoxy, the threshold strain energy 
for the epoxy nanocomposites containing 0.7 and 1.0 wt% CNFs increased by ~200% 
and ~400% respectively. However, similar to the 0.4 wt% samples, the alignment of 
CNFs perpendicular to the crack growth path led to no further improvement to the 
threshold strain energy for the epoxy nanocomposite containing 0.7 wt% CNFs. In 
addition, the fatigue crack growth rate for the 1.0 wt% aligned and random CNF 
samples were very similar for the applied strain energy range. Therefore, the results for 
the fatigue crack growth for the 1.0 wt% random samples are not included in Figure 
6-3.  
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Figure 6-3 : Fatigue crack growth results showing the effect of the addition of CNFs on 
the cyclic-fatigue resistance of an epoxy nanocomposite 
Similar to the quasi-static loading, the toughening due to CNF reinforcements 
led to the improvement in fatigue resistance of the epoxy nanocomposites. As can be 
seen in Figure 6-4a-c, fractographic studies revealed toughening mechanisms identical 
to the quasi-static test condition, namely, (a) interfacial debonding of the CNFs from 
the epoxy, (b) the pull-out of CNFs from the epoxy, (c) void growth of the epoxy which 
initiates from the hole created by the debonded CNFs, and (d) the CNFs then bridging 
and finally rupturing across the crack faces, behind the advancing crack tip. 
Nevertheless, a notable difference was that, a stable crack propagation mode was 
observed when the specimens were subjected to cyclic loading, in comparison to the 
unstable stick-slip crack growth observed during quasi-static loading conditions. In 
addition, the fracture surface of the epoxy nanocomposites subjected to cyclic loading 
revealed numerous CNFs had experienced a unique unravelling deformation. It can be 
seen in Figure 6-4a-d that the inner layer of the double-layer CNFs unravelled from the 
outer layer at multiple locations only when subjected to the fatigue loading. By contrast, 
under quasi-static loading the double-layer CNFs were observed to fracture without 
unravelling as shown in Figure 3-8 in section 3.3.3.  
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Figure 6-4 : SEM micrograph showing unravelling of CNFs on fatigue failure surface 
of epoxy nanocomposite containing randomly oriented (a) 0.4 wt%, (b) 0.7 wt% and (c) 
1.0 wt% CNFs. (d) High magnification SEM image of an unravelling CNF observed on 
a fatigue failure surface. 
Although the outer layer of the CNF is the primary load-bearing structure owing to its 
relatively higher stiffness and strength [255], the high magnification scanning electron 
microscope (SEM) (see Figure 6-4d) observations indeed confirmed that under fatigue 
loading the outer layer tended to fail prior to the uncoiling of the inner layer. This 
unravelling deformation mechanism was observed for about a quarter of the CNFs 
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pulled-out from the fracture surfaces. In most cases, the length of the inner layer being 
unravelled from the outer layer was ~30% of the entire length of the double-layer CNF.  
6.3.2 Fatigue Induced Unravelling of Carbon Nanofibres 
In contrast to CNTs which have a tubular structure, CNFs have a unique hybrid 
multilayer structure which consists of both conical and tubular graphene elements. 
There are two main types of CNFs: the first type has a single helical graphene layer, 
which are typically denoted as cone-helix CNFs, whilst the second type features a 
hollow-core with a double-layer microstructure [256]. These second type of double-
layer CNFs are composed of an inner layer with a perfect cone-helix structure and an 
outer layer resembling a multiwall nanotube [62, 255]. Under quasi-static loading, the 
first type of CNFs with the cone-helix structure have been reported to undergo an 
unravelling deformation mechanism under increasing strain as they pull-out from the 
matrix [112]. 
 The pull-out of the CNFs from the epoxy leads to the formation of a crack-
bridging zone behind the tip (see Figure 6-5a) which provides further resistance to 
fatigue cracking. However, during fatigue loading, the CNFs within the crack bridging 
zone (see Figure 6-1 and Figure 6-5b-c) experience, sequentially, cyclic tension (crack 
opening) and compression (crack closing) loading. Under compression, the CNFs can 
bend and this causes micro-buckling of the outer layer (see the inset in Figure 6-5a). In-
situ observations within the SEM of the fatigue process of a double-layer CNF  have 
indeed confirmed that this unusual failure mechanism likely initiates from the inherent 
imperfection sites of the outer layer of the CNF due to the cyclic bending and 
unbending, as shown in Figure 6-5b-d. It is noteworthy, that although, the outer layer 
has a significantly higher stiffness and strength than that of the inner layer, its failure 
strain is much lower than that of the inner layer [255, 257]. Indeed, molecular-dynamic 
simulations have shown that the outer layer of such CNFs would fail in a brittle-like 
manner at much lower strains (i.e. of ~19%) than the inner layer which can sustain 
strains exceeding ~64% [257].  
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Figure 6-5 : (a) SEM observation of the fatigue cracks formed in DCB specimen 
showing the side view of the CNF crack bridging process zone immediately behind the 
crack tip and at minimum crack opening displacement. (b-c) SEM observation of the 
initiation and propagation of the fatigue damage during in-situ fatigue testing of the 
CNF shown under (b) compression and (c) tension loading. (d) TEM observation of the 
damaged outer shell of the CNF subjected to fatigue loading of the CNF shown in 
image (b-c). 
As can be seen in Figure 6-6a, in some instances, the onset of such fatigue 
damage of the outer layer occurred simultaneously at multiple sites along the CNFs 
which led to the progressive unravelling of the inner layer at these sites (see Figure 
6-6a-b). The unravelling of the inner layer causes the CNFs to thin in diameter, as can 
be observed in Fig 2c. Therefore, as shown schematically in Fig 2d, the cyclic-fatigue 
loading of the CNFs behind the crack tip leads to the fracture of the outer layer, thus 
causing an increase in the stress on the inner layer which then begins to unravel under 
tension. This unravelling deformation mechanism can be attributed to the existence of 
secondary bonds between each graphene cone within the inner layer [257]. The 
secondary bonds form during the heat treatment of these high heat-treated CNFs [258]. 
In particular, when heat-treated at 3000°C, the outer layer becomes thinner and attains 
an ordered graphitic structure resembling that of multi-wall nanotubes [259], as shown 
in Figure 6-7a-b. Whereas the inner layer attains the stacked-cup morphology with the 
open edges of its graphene cups coalesced via the secondary bonds in the form of loops 
[62, 258], as can be seen in Figure 6-7c-d. Molecular-dynamic simulation of the 
thermal-treatment of such CNFs has shown that these loops are the result of sp2 
bonding between adjacent graphene layers which form above a heat-treatment 
temperature of 725°C. In addition, the density of the secondary bonds increases with 
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temperature, resulting in a higher elastic strain limit for the inner layer of these high 
heat-treated CNFs [260].  
   
 
Figure 6-6 : (a-b) SEM micrographs of the unravelling type deformation of the double-
layer CNFs observed on the fracture surface of the epoxy nanocomposite specimen 
tested under fatigue loading showing (a) the onset and (b) propagation of unravelling 
type deformation at multiple locations along the length of a CNF. (c) SEM observation 
of the thinning behaviour of the inner layer of an unravelled CNF. (d) Schematic 
illustration of the CNF microstructure demonstrating the unravelling type deformation 
of the inner CNF layer induced by the fatigue damage to the outer layer. 
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Figure 6-7 : (a-d) High-resolution TEM images of the double-layer CNFs in their as-
supplied form showing the double layer structure consisting of an inner stacked-cup 
layer and an outer layer resembling multi-walled nanotube structure. The black arrows 
indicate the secondary bonding in form of loops between the graphene cups of the inner 
layer, and the white arrows indicate the bonding between the inner and outer layers. 
However, as can be seen in Figure 6-7c-d, secondary bonds were also observed between 
the outer and inner layers in the form of continuous graphene sheets. A previous study 
on microstructural changes of CNFs induced by heat-treatment processes has also 
reported similar continuous graphene sheets linking the inner and outer layers [261]. 
These secondary bonds between the two layers would enable an effective load transfer 
from the outer layer to the inner layer during the unravelling deformation mechanism.  
In order to assess the load-bearing capability of an unravelling CNF, additional in-situ 
CNF pull-out tests were performed as shown in Figure 6-2 and Figure 6-8a. The results 
of the load versus extension test for a CNF are given in Figure 6-8b. This curve shows 
an unusual type of stick-slip behaviour during the load-extension test and this arises 
from there being three separate stages in the unravelling deformation mechanism of the 
CNF, as shown in Figure 6-8. Firstly, the load increases linearly up to point A. 
Secondly, this is followed by a drop in the load to point B due to the rupture of the 
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outer layer causing sudden unravelling and a dramatic extension of the CNF. The 
stiffness of the CNF prior to unravelling (measured from line OA) is about 86 GPa 
which is similar in value to previous reports of experimentally-measured stiffnesses of 
the CNFs [255]. Thirdly, upon continuing the extension of the CNF, the load increases 
linearly to point C followed by another sudden drop in load due to a second unravelling 
event as shown in Figure 6-8a. The unravelled portion of the CNF appears bright white 
in the SEM image in Figure 6-8a. The increase in load to point E led to additional 
unravelling of the CNF with its total length suddenly becoming greater than the applied 
displacement. This causes the complete unloading of the CNF due to the displacement 
controlled in-situ test set-up used for this investigation.  
 
   
Figure 6-8 : (a) SEM image acquired during the in-situ CNF pull-out test used to 
characterise the (b) load versus extension behaviour for an unravelling CNF. (Note: 
This image corresponds to the point D of the load-extension curve in (b)). (c) The 
stiffness and (d) the strength of the CNF calculated at various stages of the unravelling 
process. 
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However, restarting the extension of CNF led to a linear increase in the load to 
point G which is higher than the previous peak load at point E. Thus, despite the 
fracture of the outer layer, the inner layer of the CNF possesses excellent load-carrying 
capability due to secondary sp2 bonds formed during its heat treatment. In addition, as 
shown in Figure 6-8c, a very similar stiffness was retained by the unravelled CNFs 
(corresponding to load lines BC, DE and FG in Figure 6-8b) in comparison to the 
stiffness of the CNF prior to its unravelling. However, as shown in Figure 6-8d, the 
strength of the CNF decreased after the fracture of the outer layer, as would be 
expected. In addition, there was a gradual reduction in strength of the CNF with each 
unravelling stage. This is attributed to the gradual rupture of the sp2 bonds and a 
subsequent reduction in the bond density during each unravelling stage. Nevertheless, 
the average strength of the unravelled CNF was measured to be about 50% of its 
strength prior to unravelling (i.e. a strength corresponding to load point A). Moreover, 
the results of stiffness and strength given in Figure 6-8 are in good agreement with 
previous molecular-dynamic simulations of the unravelling deformation mechanism of 
the CNF [257, 260]. Furthermore, the energy dissipated during the unravelling 
mechanism given by the area under the load-extension curve in Figure 6-8b is about 
700% higher than the energy estimated for the rupture of the CNFs using Eq. (3-7) with 
a value of CNF strength (i.e. 3.34 GPa) measured in a previous study [225] and the 
stiffness (i.e. 86 GPa) measured in the current study. This is in good agreement with  
molecular-dynamic simulation that shows a 600% increase in energy dissipated  due to 
the unravelling mechanism in comparison to the energy required to rupture the CNFs 
[257].  
6.3.3 Traction Load-Displacement Curve for Unravelling 
CNF 
From Figure 6-4 and Figure 6-6, it can be seen that the CNFs have undergone frictional 
pull-out after unravelling. Despite the damage to the outer layer, the unravelling of the 
inner layer structure of the double-layer CNFs continue to promote the crack-bridging 
mechanism under fatigue loading as shown in Figure 6-9a-b. The crack bridging by the 
unravelled CNFs provides the traction load which reduces the stress concentration at 
the crack-tip, and a larger applied force is thus required to achieve a given fatigue 
crack-growth rate, da/dN.  This combination of the frictional pull-out and unravelling of 
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the CNFs would continue to bridge the crack even at a relatively high crack opening 
displacement, and thereby effectively retard the fatigue crack growth. Figure 6-9c 
shows the expected bridging traction load-displacement curve behaviour in the presence 
of multiple unravelling deformations for the double-layer CNF shown in Figure 6-6b. 
The load required to pull-out a fibre from the matrix is given by Hull [83] as, 
                   (6-5) 
where   , d and    are the interface strength, the diameter and the total pull-out length of 
the CNF shown in Figure 6-6b. The total frictional pull-out length of the CNF is equal 
to 
                        (6-6) 
where,     ,     and     are the lengths corresponding to length of frictional pull-out 
segments. The peak static pull-out traction load given by Eq. (6-5) for the CNF shown 
in Figure 6-6b is plotted as a function of the pull-out length in Figure 6-9c. The values 
of the model parameters used to calculate the traction load are listed in Table 6-1. 
For the pull-out process involving the unravelling deformation, we assume the 
following sequence of events, firstly, the CNF undergoes a partial frictional pull-out 
equal to the length     followed by unravelling of the first core segment equal to a 
length     . It is then followed by a subsequent frictional pull-out (with length    ) and 
the second unravelling equal to the length     . Finally, the pull-out of the remaining 
embedded segment of length    . The values for the length of the unravelling segments 
of the CNF shown in Figure 6-6b are also listed in Table 6-1. Then the load sustained 
during the unravelling of the first and the second core segments is given by Eq. (6-7) 
and (6-8). 
For displacement              
                         (6-7) 
and for displacement              
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                             (6-8) 
Table 6-1 : List of values for the various parameters used in the analytical modelling of 
the traction load-displacement curves. 
Parameter Symbol Unit Value 
CNF diameter d nm 125 
Interface strength     MPa 25 
Pull-out length    Pm 5.3 
1st segment length     Pm 1.1 
2nd segment length      Pm 1.5 
3rd segment length      Pm 2.7 
1st unravelling length       Pm 0.95 
2nd unravelling length       Pm 1.85 
The additional contribution to the energy dissipation during the pull-out of CNFs due to 
the unravelling is estimated to be ~60%, which is consistent with the extra enhancement 
in fatigue resistance in comparison to the improvement in the quasi-static fracture 
toughness of the epoxy nanocomposites.  
 
Figure 6-9 : (a-b) SEM observations of the double-layer CNFs bridging the fatigue 
cracks via superplastic deformation of their inner layer at (a) a low and (b) a slightly 
higher crack-opening displacement. (c) Effect of the double-layer CNF unravelling on 
the bridging traction load-displacement behaviour during pull-out from the epoxy 
matrix.  
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6.4 Conclusions 
The cyclic fatigue crack growth resistance of the epoxy composites improves 
significantly with the inclusion of CNF reinforcements. The maximum cyclic critical 
strain energy release rate as well as the threshold strain energy of the CNF-epoxy 
nanocomposites increases with the CNF content. A similar improvement also occurs 
due to the alignment of CNFs perpendicular to the crack growth path up to a limiting 
concentration of about 0.7 wt%, above which no further improvement to the fatigue 
resistance was achieved due to their alignment. The main toughening mechanisms 
which led to the increase in the fatigue resistance for the CNF toughened epoxy 
nanocomposite were similar to those observed for quasi-static tests including (a) 
interfacial debonding of the CNFs from the epoxy, (b) the frictional energy associated 
with the CNFs now pulling-out from the epoxy, (c) void growth of the epoxy which 
initiates from the hole created by the debonded CNFs, and (d) the CNFs bridging and 
finally rupturing across the crack faces, behind the advancing crack tip. In addition, a 
unique energy-dissipative deformation mechanism of double-layer CNFs was observed 
under cyclic fatigue loading. This deformation mechanism, which has been rarely 
observed in previous quasi-static tests, contributes to the improvement observed in the 
cyclic-fatigue resistance of such epoxy nanocomposites.  
137 
 
Chapter 7 
7 Disbond Detection in Composite Joints using 
Aligned Carbon Nanofibre Network and DC 
Potential Drop Technique 
Abstract 
This chapter investigates the ability of carbon nanofibre (CNF) networks for in situ 
monitoring of fatigue induced disbond damage in adhesive bonded composite joints. 
The inclusion of CNFs in the epoxy adhesive increases its conductivity while 
simultaneously retarding the delamination growth rate. The improved electrical 
conductivity is utilized to evaluate the ability of the CNF networks to monitor and 
detect the fatigue induced disbond damage via in situ electrical resistance changes 
measured using a DC potential drop technique. The changes in total resistance was a 
function of the bulk electrical resistivity of the adhesive and the bond dimensions, 
which were related to the disbond length to model and determine the size of the 
disbond. Good agreement were found between the optical disbond measurements and 
the calculated disbond length using the in situ resistance measurements, therefore 
proving the ability of CNFs to not only detect disbond in composite bonded joints but 
also retard its growth rate. 
 
The research presented in this chapter has been published in the following conference 
paper: 
x Ladani RB, Wu S, Mouritz AP, Kinloch AJ, Ghorbani K, Wang CH. Disbond 
Monitoring of Composite Adhesive Joints with DC Resistance Technique using 
Carbon Nanofibre Network. In Proceeding of the 26th International Conference 
on Composite Materials, Copenhagen, Denmark, 2015. 
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7.1 Introduction 
One of the key challenge for using composites as superstructure material is the need for 
joining during initial modular construction and repair of damaged articles while in 
service. These joining interfaces generally involve discontinuity of the reinforcing 
fibres resulting in higher stress concentration regions. For joining composite parts, 
adhesively bonded joints provide many advantages such as low cost, high strength to 
weight ratio, low stress concentration, fewer processing requirements and good 
environmental resistance [262]. However, their inability to be disassembled for periodic 
inspection provides a major drawback. Therefore, bolted joints are preferred for joining 
composite parts, in spite of their low bearing strength [263]. Existing airworthiness 
regulations prescribe that safety critical structures must sustain the design ultimate load 
in the presence of damage larger than the detection limit of chosen non-destructive 
inspection methods [9].  Detection of damage in bonded joints is currently limited to 
ultrasonic, radiography and acoustic emission techniques during scheduled maintenance 
intervals. Potential drop and eddy current technique cannot be used in the absence of 
through-thickness conductivity in bonded joint due to the dielectric property of the 
epoxy adhesives [96]. Since regular visual inspection are limited to the detection of 
flaws that lie near the surface,  there is a strong demand for additional repeatable and 
reliable non-destructive inspection techniques that could be applied on field to ensure 
the integrity of bonded joints. 
Carbon nano-reinforcements can form conductive networks in polymeric 
materials at extremely low weight fractions while simultaneously improving the 
fracture toughness. Numerous studies have investigated their use for detecting damage 
in composites [35, 64, 203-206]. Other studies have utilized the conductive nano-
reinforcement networks for in-situ health monitoring of disbond in composite joints 
[36, 207]. Lim et al. [36] reported the use of CNT networks to monitor the initiation of 
damage in epoxy bonded lap joints under quasi-static and dynamic tensile loading. 
Mactabi et al. [207] studied the electromechanical response of CNT networks 
incorporated in bonded lap joints under tensile fatigue loading. While a short 
communication by Zhang et al. [210] is the only study reported on utilizing CNT 
networks in epoxy polymer to monitor and predict the fatigue crack growth during 
mode I cyclic loading. The study successfully demonstrated that changes in resistance 
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induced by mode I fatigue crack growth in bulk epoxy samples could be used to 
determine the size of the underlying damage. The potential application of this technique 
to monitor and detect fatigue crack growth in epoxy bonded composite joints has never 
been studied.  
This chapter focuses on utilizing the improved electrical conductivity of an 
epoxy nanocomposite adhesive containing aligned CNFs for monitoring and detection 
of fatigue crack growth in epoxy bonded composite joints. The chaining is 
accomplished by applying an external AC electric-field whilst the adhesive is liquid 
prior to crosslinking. The electrical response of the nanocomposite adhesive is 
measured in-situ during cyclic-fatigue testing using a DC potential drop technique. The 
in-situ resistance measurements are used to determine the size of the fatigue cracks. A 
simple resistivity model is used to evaluate the disbond size based on the resistance 
measurements. 
7.2 Materials and Experimental Methodology 
The fatigue testing was performed on the same samples that were fabricated to study 
the fracture energy of epoxy nanocomposites containing 0.4, 0.7 and 1.0 wt% of CNFs 
in Chapter 3. The details of the sample fabrication process are outlined in section 3.2. 
As shown in Figure 7-1a, two electrical contacts were established on the outer surface 
of the composite adherends. The adherends were lightly sanded to expose the 
conductive carbon fibres and a conductive silver paste was used to bond the contact 
wires for resistance measurements. The silver paste was allowed to cure for at least 24 
hours prior to conducting the in-situ resistance measurement and mode I fatigue test.  
Mode I cyclic-fatigue testing was performed by applying a constant amplitude 
sinusoidal cyclic load at a frequency of 5 Hz. The tests were performed using a 
computer-controlled Instron E3000 system with a 3 kN load cell under displacement 
control with a constant cyclic ratio (R-ratio). The ratio between the minimum and the 
maximum applied displacement in one load cycle was kept constant at 0.5. As shown in 
Figure 7-1a, non-conductive grips made of Bakelite were used to isolate the samples 
from the fatigue rigs. The specimens were subjected to cyclic fatigue loading with the 
maximum crack opening displacement being chosen such that the initial value of the 
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applied strain-energy release-rate was about 250 J/m2. A datataker (Delloger model 80) 
with a four probe setup was used for in-situ resistance measurements during mode I 
fatigue tests. The fatigue crack growth was measured from the 50 mm pre-crack (i.e. 
Teflon insert) using a travelling microscope.  
  
Figure 7-1 : (a) Photograph of the experimental setup for in situ resistance 
measurements during mode I fatigue testing; and (b) schematic illustration of the in-situ 
resistance measurement setup for the DCB joint. 
7.3 Results and Discussion 
7.3.1 Electrical resistance response to disbond in joints 
Figure 7-2a. shows the transient resistance changes measured in-situ during cyclic 
loading of DCB joints at stress intensity ratio of 0.5 and applied fracture energy of 250 
J/m2. The resistance increased monotonically with increasing number of cycles. Figure 
7-2b shows the effect of displacement on the transient resistance measurements 
obtained during cycling. The resistance increased at the maximum and decreased at the 
minimum crack opening displacement, such that there was an irreversible increase in 
resistance after each cycle. The increase in resistance likely corresponds to the disbond 
of adhesive, since the joint failure was cohesive in the adhesive, as shown in Figure 7-3. 
The effect of disbond length on the resistance measurements are shown in Figure 7-4a. 
There was a significant increase in resistance with increasing disbond length. For 1 wt 
% samples with aligned CNFs, the resistance had almost doubled as the length of 
disbond reached 50% of the intact bond ligament length. The results show that the crack 
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growth modifies the charge conduction pathways within the CNF modified adhesive 
resulting in a resistance change.  
 
Figure 7-2 : In situ resistance response during mode I cyclic fatigue testing (a) at 5 Hz, 
(b) at 0.01 Hz fatigue cycling.  
The change in the total resistance is due to the shortening of the un-cracked bond 
ligament ahead of the crack as shown in the schematic in Figure 7-1b. Since the total 
resistance is a function of the electrical resistivity of the adhesive and structure’s 
dimensions (width and length), the disbond length,    can be explicitly related to the 
measured resistance by, 
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                                                   (7-1) 
where   ,   , t, b, and R denote the electric resistivity of the CNF modified adhesive, 
the length, thickness and width of the adhesive, and the total resistance, respectively.  
 
Figure 7-3 : SEM micrograph of the side view of a fatigue tested sample containing 0.4 
wt% aligned CNFs. 
 
  
Figure 7-4 : Increase in resistance as a function of disbond length for samples 
containing (a) aligned CNFs and (b) random CNFs. 
For comparison, the above relationship is plotted in Figure 7-4a. For the samples 
containing aligned or randomly-oriented CNFs, the change in resistance due to fatigue 
crack growth is in good agreement with the model given by Eq. (7-1). However, for the 
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epoxy nanocomposite samples containing 0.4 wt% randomly-oriented CNFs, the 
resistivity was too high to be measured with the four probe setup used to perform the 
in-situ resistance measurements during mode I fatigue testing. This was due to the CNF 
content in the epoxy being lower than the percolation threshold (i.e. 0.43 wt%) for the 
randomly-oriented CNF-epoxy nanocomposite. As discussed in section 5.3.1, the DC 
conductivity could only be measured at CNF content greater than the corresponding 
percolation threshold. 
7.3.2 Determining disbond size from resistance 
measurement 
Crack growth results in a decrease in the effective cross-sectional area of the bondline 
causing the resistance across the bond interface to increase. For a constant width joint, 
the change in resistance can be used to calculate the increase in the crack length by 
rearranging Eq. (7-1) as follows: 
        
   
  
                                                 (7-2)   
Figure 7-5a1 & b1 shows the comparison of the measured and calculated disbond 
length from the in-situ resistance measurements taken during cyclic loading. The 
calculated crack length is in good agreement with the optically observed crack length. 
Therefore a conductive adhesive could be effectively used for in-situ monitoring of 
crack growth in a composite bonded joint. Furthermore, to distinguish between 
permanent resistance changes due to crack growth and any reversible change which 
occurs due to contact of crack face upon unloading, the joints were unloaded 
intermittently to measure the resistance corresponding to closed cracks. Figure 7-5 a2 & 
b2 shows the calculated crack length from the resistance corresponding to closed cracks 
upon unloading of the DCB samples. There was a small reduction in the resistance upon 
unloading of the samples, indicating the sensitivity of resistance to crack closure 
phenomenon. The crack length calculated from the resistance measurement 
corresponding to the unloaded state was almost 10 % lower than the optical crack 
measurements. The effect of crack closure was more prominent for the more conductive 
0.7 and1.0 wt% samples, irrespective of the alignment of the CNFs. The discrepancy 
between the observed crack length and the calculated crack length increased with the 
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length of disbond. In contrast, for the 0.4 wt% aligned samples, the effect of crack 
closure on the calculated crack length was almost negligible. This was due to the 
permanent damage of the conduction path length with the progression of damage. In 
highly conductive adhesive for e.g. 0.7 and 1.0 wt% samples in this study, a 
significantly larger number of CNFs were exposed on the crack face (see Figure 3-9). 
The exposed CNFs come into random contact upon closure of the crack, leading to 
reestablishment of conduction pathways causing a drop in the measured resistance. 
 
  
Figure 7-5 : Comparison of the optical observations and the calculated disbond length 
from Eq. (7-2); (a) using in situ resistance measurements (b) upon unloading the 
samples 
However, for the 0.4 wt% sample containing aligned CNFs, the promotion of 
percolating networks by the electric-field induced chaining leads to a limited number of 
0 20 40 60 80 100 120 140 160
0
5
10
15
20
25
Di
sb
on
d 
le
ng
th
 (m
m
)
Fatigue cycles (x 103)
 0.4 Measured
 0.4 Calculated
 0.7 Measured
 0.7 Calculated
 1.0 Measured
 1.0 Calculated
(a1)
0 20 40 60 80 100 120 140 160
0
5
10
15
20
25
Di
sb
on
d 
le
ng
th
 (m
m
)
Fatigue cycles (x 103)
 0.4 Measured
 0.4 Calculated
 0.7 Measured
 0.7 Calculated
 1.0 Measured
 1.0 Calculated
(a2)
0 20 40 60 80 100 120
0
5
10
15
20
25
Di
sb
on
d 
le
ng
th
 (m
m
)
Fatigue cycles (x 103)
 0.7 Measured
 0.7 Calculated
 1.0 Measured
 1.0 Calculated
(b1)
0 20 40 60 80 100 120
0
5
10
15
20
25
Di
sb
on
d 
le
ng
th
 (m
m
)
Fatigue cycles (x 103)
 0.7 Measured
 0.7 Calculated
 1.0 Measured
 1.0 Calculated
(b2)
145 
 
conduction pathways, as shown in Figure 7-6. The damage caused to these conductive 
pathways due to the rupture or pull-out of CNFs during the crack propagation process 
cannot be reversed upon unloading of the cracked faces. Therefore, for 0.4 wt% aligned 
samples, the crack lengths calculated from the electrical resistance corresponding to a 
closed crack were in good agreement with the optically measured crack lengths. 
Therefore, the alignment of a low content of CNFs in an epoxy adhesive could be 
beneficial for detecting closed cracks.  
 
Figure 7-6 : TEM images of the CNF-epoxy nanocomposites containing 0.4 wt% of 
CNFs aligned via the application of the AC electric-field. Image (b) is an inset of image 
(a) showing the various contact points within a chain formed by several CNFs. 
7.4 Conclusion 
Real-time in-situ electrical resistance measurements are performed during mode I cyclic 
loading of CNF-reinforced adhesive bonded composite joints to evaluate the effect of 
fatigue induced disbond on electrical resistance changes. The through-thickness 
electrical resistance of the adhesively bonded joints increased monotonically with the 
disbond length. The electrical resistance had almost doubled when the disbond length 
reached half the value of the initial bond length. A simple model is then used to 
correlate the changes in resistance to the material resistivity and its geometry. The 
changes in resistance measured due to fatigue induced disbond are in good agreement 
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with the resistivity model. This model is then used to calculate the disbond length from 
the change in resistance measured during fatigue testing. The disbond length calculated 
from the in-situ resistance measurements is in good agreement with the optically 
observed disbond length. The alignment of CNFs in the through-thickness direction of 
the epoxy adhesive layer showed no obvious advantages over their random 
counterparts. However, the sample containing 0.4 wt% aligned CNFs showed the best 
prospects for detecting closed cracks. Whereas, for the samples containing 0.7 and 1.0 
wt% CNFs (random or aligned), there occurred a reduction in the measured resistance 
upon unloading of the sample due to the contact between the cracked faces. Therefore, 
highly conductive adhesive are less effective for detecting closed disbonds or cracks. 
This electrical resistance based technique can be used in real-time for in-situ detection 
and monitoring of disbond damage in adhesively bonded composite joints and offers an 
alternative to traditional non-destructive inspection techniques.     
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Chapter 8 
8 Improving the Toughness and Electrical 
Conductivity of Epoxy Composites using 
Magnetic Field Aligned Magnetite-Carbon 
Nanofibres  
Abstract 
In this chapter, magnetite-carbon nanofibre hybrids (denoted by “Fe3O4@CNFs”) have 
been used to facilitate the alignment of CNFs in epoxy using a relatively weak 
magnetic-field. Experimental results have shown that a weak magnetic-field (~50 mT) 
can align these newly-developed nanofibre hybrids to form a chain-like structure in the 
epoxy resin. Upon curing, the epoxy nanocomposites containing the aligned 
Fe3O4@CNFs show (i) greatly improved electrical conductivity in the alignment 
direction and (ii) significantly higher fracture toughness when the Fe3O4@CNFs are 
aligned normal to the direction of crack growth, compared to the nanocomposites 
containing randomly-oriented Fe3O4@CNFs. The mechanisms underpinning the 
significant improvements in the fracture toughness have been identified, including 
interfacial debonding, pull-out, crack bridging and rupture of the Fe3O4@CNFs, and 
plastic void growth in the polymer matrix. 
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The research presented in this chapter has been conducted in collaboration with Dr. 
Shuying Wu which was published in the following journal and conference papers: 
x Wu S, Ladani RB, Zhang J, Kinloch AJ, Zhao J, Ma J, Zhang X, Mouritz AP, 
Ghorbani K, Wang CH. Epoxy Nanocomposites Containing Magnetite-Carbon 
Nanofibres Aligned Using a Weak Magnetic Field. Polymer (United Kingdom). 
2015; 68:25-34. 
The open access journal article from Polymer (United Kingdom) is attached in 
Appendix A.III. 
 
x Ladani RB, Wu S, Kinloch AJ, Mouritz AP, Wang CH. The unravelling of 
carbon nanofibres under fatigue loading, Carbon, 2016. (submitted) 
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8.1 Introduction 
Different approaches for aligning carbon nano-reinforcements have been reported in the 
literature, mainly based on mechanical stretching [264, 265] or the application of an 
electric-field [53, 266] or magnetic-field [54, 165, 186, 187, 267, 268]. Although using 
an electric-field is recognized as an effective method, this technique is typically 
restricted to materials with very low electrical conductivity, since the field strength is 
usually limited to avoid dielectric breakdown of the polymer [268]. Moreover, due to 
their low magnetic susceptibility [54, 165, 186, 187], an extremely strong magnetic-
field (e.g. of several Teslas) is usually required to align carbon-based nano-
reinforcements. For instance, Camponeschi and co-workers [54] employed a magnetic-
field of up to 25 T to orientate and align CNTs in an epoxy resin and found that the 
properties of the resulting nanocomposites were superior to those prepared in the 
absence of a magnetic-field. Another similar attempt was reported by Mahfuz and co-
workers [186] who used magnetic-fields of up to 28 T to align CNFs in a two-phase 
toughened epoxy resin system and achieved 21% and 3% increases in the compressive 
strength and modulus compared to randomly-oriented CNFs. The necessity to employ 
such high magnetic-fields limits the practical application of this method. Therefore, 
various methods have been reported to functionalise carbon nano-reinforcements with 
magnetic nanoparticles, especially iron-based nanoparticles, so as to align the nano-
reinforcement in a polymer matrix without needing to employ high magnetic-fields [55, 
188, 189]. For instance, magnetite (Fe3O4) decorated single-walled CNTs have been 
developed using a sonochemical oxidation process and these hybrid nano-
reinforcements were successfully aligned in an epoxy using a relatively weak magnetic-
field [188].  
However, at present there is no report on aligning iron oxide-CNFs in an epoxy 
resin using a relatively low magnetic-field to selectively reinforce the epoxy polymer in 
a preferred orientation. Therefore, the aim of the present chapter is to explore the 
magnetic-field induced alignment of CNFs functionalised with iron oxide and its effects 
on the fracture and electrical properties of the epoxy nanocomposites. The 
functionalised carbon nanofibres, denoted by Fe3O4@CNFs, are first dispersed into a 
liquid epoxy resin which is then cured under a relatively weak magnetic-field of ~50 
mT. The electrical conductivity and fracture toughness of the cured epoxy 
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nanocomposites containing Fe3O4@CNFs are measured and compared. Finally, the 
toughening mechanisms are identified from fractographic studies. 
8.2 Materials and Experimental Methodology 
Materials 
Vapour grown carbon nanofibres (VGCNFs) (Pyrograf®-III, grade PR-24-XT-HHT) 
used in the earlier work presented in Chapter 3 were also used in the present study. The 
details of the CNFs are given in section 3.2. The CNFs were functionalised with Fe3O4 
nanoparticles using co-precipitation method, to improve their magnetic susceptibility. 
The CNF functionalisation was conducted by Dr. Shuying Wu as part of the broader 
research project under the Australian Research Grant Program (DP140100778). Further 
details on the preparation and characterisation of the magnetic Fe3O4@CNFs can be 
found in the published paper which is attached in Appendix A.III.  
Preparation of the bulk epoxy nanocomposites with Fe3O4@CNFs 
The Fe3O4@CNFs were firstly dispersed in a small amount of acetone by bath 
sonication for 15 minutes (the typical concentration being 20 mg/mL). Epoxy resin was 
then added and the sonication process was continued for 1 h. The acetone was then 
removed under reduced pressure. Subsequently, a stoichiometric amount of hardener 
was added and the mixture was poured into a rubber mold for curing. To align the 
Fe3O4@CNFs, the mixture was subjected to a weak magnetic-field of ~50 mT 
generated by a pair of permanent magnets whilst it was being cured. Using a 
gaussmeter, the intensity of the magnetic-field was measured to be approximately 50 
mT at a distance of 4 cm between a pair of ferrite magnets which were 150 × 50 × 25.4 
mm in size. Initial, exploratory, experiments were carried out using different intensities 
of magnetic-field, ranging from 20 mT to 50 mT by changing the gap between the 
magnets. Since the alignment of the Fe3O4@CNFs needs to be completed prior to 
gelation of the epoxy (the gel time of the epoxy is around 20-30 minutes at 25 oC), a 
magnetic-field strength of 50 mT was finally selected so that the Fe3O4@CNFs could 
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be highly aligned within approximately 10 minutes from the application of the 
magnetic-field. Epoxy nanocomposites containing various weight contents (i.e. 0.0, 0.2, 
0.4, and 0.6 wt%) of the Fe3O4@CNFs were prepared. 
Preparation of epoxy nanocomposite joints with Magnetic-field 
The fabrication and pre-treatment of the carbon fibre composite substrates was 
performed according to the procedure outlined in section 3.2. The alignment of the 
Fe3O4@CNFs was achieved by placing the bonded joints (prior to the curing of the 
epoxy) between two permanent magnets, as shown in Figure 8-1. The magnetic-field 
direction is perpendicular to the bonding surfaces. The joints were cured at room 
temperature for 48 hours. Once cured, the samples were cut into double-cantilever 
beam (DCB) specimens for mode I fracture toughness testing in accordance with IS) 
25217 [217]. Further details of the DCB testing procedure are given in section 3.2. The 
samples for electrical conductivity measurements were fabricated and tested using the 
methodology presented earlier in section 3.2. 
 
Figure 8-1: Schematic of composite join preparation with magnetic-field. 
8.3 Results and Discussion 
8.3.1 Alignment of Fe
3
O
4
@CNFs in epoxy nanocomposites 
The alignment of the Fe3O4@CNFs in the liquid epoxy resin was observed using optical 
microscopy. Figure 8-2a shows a typical optical micrograph of an epoxy resin that was 
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not subjected to the external magnetic-field. Clearly, the Fe3O4@CNFs are randomly-
oriented in the epoxy resin. This micrograph also reveals that the nanofibre hybrids are 
well dispersed. Figure 8-2b shows a typical optical micrograph of the liquid epoxy resin 
containing Fe3O4@CNFs subjected to the applied magnetic-field. This micrograph 
confirms the alignment and chain-like structure of the nanofibre hybrids in the direction 
of the applied magnetic-field, as indicated by the arrow.  
   
  
  
Figure 8-2: Representative optical micrographs (a and b), SEM images (c and d), and 
TEM (e and f) images of epoxy nanocomposites containing 0.6 wt% of randomly-
oriented Fe3O4@CNFs (i.e. (a), (c), and (e)) and Fe3O4@CNFs aligned under the 50mT 
magnetic-field (i.e. (b), (d), and (f)). The black arrows in (b), (d), and (f) indicate the 
direction of the applied magnetic-field (B). The red arrows in (c) and (d) indicate the 
nanofibre hybrids.   
The alignment and chain-like structure of the Fe3O4@CNFs may be ascribed to the 
anisotropic nature of the dipolar interactions of the iron oxide nanoparticles close to the 
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ends of the Fe3O4@CNFs [191, 192]. Without an externally applied magnetic-field, the 
magnetic moments of the iron oxide nanoparticles are randomly oriented leading to 
vanishing net magnetization. However, upon the application of a sufficiently large 
magnetic-field, the magnetic moments of the nanoparticles align along the external field 
direction and the resultant dipolar interactions orient the Fe3O4@CNFs. Attraction of 
the north and south poles of the magnetic carbon nanofibres resulted in the formation of 
the chain-like structure.  
After the epoxy was cured, the orientation of the CNFs was further verified 
using SEM (see Figure 8-2c,d) and TEM (see Figure 8-2e,f)  to view 90 nm thick slices 
(obtained through ultramicrotomy) of the epoxy nanocomposite. For comparison, 
Figure 8-2c shows a SEM image of the epoxy nanocomposite without being subjected 
to any applied magnetic-field. As expected, the Fe3O4@CNFs (i.e. the bright spots) are 
uniformly dispersed and randomly-oriented in the epoxy polymer (i.e. the grey 
continuous area). For the epoxy nanocomposites subjected to the magnetic-field during 
curing, Figure 8-2d reveals that the Fe3O4@CNFs are aligned parallel to the direction of 
the magnetic-field, consistent with the observed alignment in the liquid epoxy resin 
prior to cure (see Figure 8-2b). The TEM images (see Figure 8-2e & f) further support 
the above conclusions on the orientation of the nanofibre hybrids, parallel to the applied 
magnetic-field, in the epoxy nanocomposites. 
8.3.2 Electrical conductivity studies 
Figure 8-3 shows the conductivity of the epoxy nanocomposites with different contents 
of randomly-oriented and aligned Fe3O4@CNFs. The electrical conductivities of the 
Fe3O4@CNF-epoxy nanocomposites subjected to the magnetic-field were measured in 
two directions, namely, parallel and perpendicular to the direction of the externally 
applied magnetic-field. The unmodified epoxy exhibits a conductivity of ~ 10-13 S/m 
which increases to ~10-12 S/m and ~10-10 S/m for the epoxy nanocomposites containing 
0.2 wt% and 0.6 wt% of randomly-oriented Fe3O4@CNFs, respectively. For the epoxy 
nanocomposites cured under the applied magnetic-field, a higher electrical conductivity 
is observed when measured in the direction parallel to the magnetic-field. Indeed, the 
conductivity in the direction parallel to the magnetic-field is consistently over one order 
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of magnitude higher than that for the nanocomposites containing randomly-oriented 
Fe3O4@CNFs.  
 
Figure 8-3: Electrical conductivity of the epoxy nanocomposites containing 0.0, 0.2, 
0.4, and 0.6 wt% of Fe3O4@CNFs. (The orientation of the Fe3O4@CNFs with respect to 
the direction of measurement is indicated.) 
This is similar to the reported increase from the use of CNTs aligned by a magnetic-
field of 25 T [179, 185]. By contrast, the electrical conductivity measured normal to the 
magnetic-field shows no significant increase compared to the nanocomposites 
containing randomly-oriented Fe3O4@CNFs. This demonstrates that the application of 
the magnetic-field leads to the resultant epoxy nanocomposites possessing anisotropic 
electrical properties. However, the improvement of the electrical conductivities was not 
that remarkable. Greater improvements in the electrical conductivities were observed 
for the electric-field aligned CNF-epoxy nanocomposites reported in section 5.3.1. It 
has been shown that higher the oxygen concentration present in the CNFs, then higher 
is the content of CNFs required to reach the percolation threshold [269]. During the 
preparation of the Fe3O4@CNFs, a strong acid was employed to treat the CNFs, which 
might have introduced some defects and some oxidative surface groups. This partially 
may account for the relatively low electrical conductivity of the epoxy nanocomposites. 
Additionally, coating the surface of CNFs with iron oxide nanoparticles, which have a 
0.0 0.2 0.4 0.6
10-13
10-12
10-11
10-10
10-9
10-8
10-7
 
 
 
Fe3O4@CNFs content (wt%)
Co
nd
uc
tiv
ity
 (S
/m
)
 Epoxy/Fe3O4@CNFs (Random)
 Epoxy/Fe3O4@CNFs (Parallel)
 Epoxy/Fe3O4@CNFs (Perpendicular)
Unmodified epoxy
155 
 
relatively high resistivity, would further reduce the electrical conductivity of the 
nanocomposite [55, 192].  
8.3.3  Fracture toughness  
The effects of the alignment of the nanofibre hybrids on the fracture toughness of the 
epoxy nanocomposites were studied by investigating the mode I fracture behaviour of 
the carbon fibre composite joints bonded using the epoxy nanocomposites (or the 
unmodified epoxy polymer). The unmodified epoxy polymer and all the epoxy 
nanocomposites exhibited unstable, stick-slip, crack growth behaviour similar to that 
observed for CNF-epoxy nanocomposites in section 3.3.3. Figure 8-4 presents the 
values of GIc of the unmodified epoxy polymer and the epoxy nanocomposites 
containing either randomly-oriented or aligned nanofibre hybrids.  
 
Figure 8-4: The mode I fracture energy, GIc, of the epoxy nanocomposites as a function 
of the content of Fe3O4@CNFs. (The orientation of the Fe3O4@CNFs was either 
random or aligned normal to the crack growth direction, as indicated.) 
The addition of 0.4 wt% of randomly-oriented nanofibre hybrids, the fracture energy 
increased to 242 J/m2. The application of the external magnetic-field, which oriented 
the Fe3O4@CNFs in a direction normal to the direction of crack growth, further 
improved the fracture energy to 328 J/m2. It can be seen from Figure 8-4 that increasing 
the content of the Fe3O4@CNFs beyond 0.4 wt% did not yield any further significant 
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improvements in GIc of the epoxy nanocomposites containing either the randomly-
oriented or aligned nanofibre hybrids. 
8.3.4 Toughening mechanisms 
An examination of the hybrid epoxy nanocomposite fracture surface revealed patterns 
of tear marks which were indicative of the plastic deformation of the epoxy that had 
occurred in the stress-whitened regions, either just ahead of the crack tip or due to some 
extent of slow crack growth occurring prior rapid crack growth taking place. Such an 
observation is typically associated with an enhanced toughness. In contrast, as shown in 
Figure 8-5a a typical featureless and smooth fracture surface was observed for the 
unmodified epoxy which was indicative of a very brittle fracture. The primary 
toughening mechanisms for Fe3O4@CNF-epoxy nanocomposites were identical to 
those observed for the electric-field aligned CNF-epoxy nanocomposite reported in 
section 3.3.3. As shown in Figure 8-5b-e, the primary toughening mechanisms leading 
to the increase in the fracture energy of –epoxy nanocomposite were identified to be, (a) 
an increase in the plastic deformation of the epoxy in the presence of Fe3O4@CNFs, (b) 
interfacial debonding and (c) pull-out of Fe3O4@CNFs from the epoxy, (d) epoxy void 
growth around the debonded Fe3O4@CNFs, and (e) the Fe3O4@CNFs bridging and 
rupturing across the crack face. The alignment of the Fe3O4@CNFs in the direction 
normal to the crack growth path increases the possibility of such interactions between 
the advancing crack tip and the Fe3O4@CNFs, leading to a significantly higher GIc. 
 However, the overall improvements in the fracture energy of the Fe3O4@CNF-
epoxy nanocomposites were somewhat lower in comparison to the unmodified CNF-
epoxy nanocomposites studied in Chapter 3. A possible reason for this was the damage 
to the CNFs caused by the strong acid treatment employed during the functionalisation 
of CNFs with Fe3O4. In addition, the use of multiple ultrasonication treatment 
employed during (i) the dispersion of the CNFs in distilled water for the 
functionalisation process and (ii) for dispersion of the Fe3O4@CNFs in the epoxy resin 
for fabricating DCB joints would lead to shortening of their length. The ultrasonication 
process has been shown to cause damage to the carbon nano-reinforcements [63]. 
Since, the fracture energy due to nanofibres pull-out given by Eq. (3-4) decreases as the 
square of the reinforcement length, any reduction in the length of the carbon nano-
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reinforcements caused by their damage during dispersion process would lead to a 
significant reduction in the energy dissipation via the pull-out mechanism. This 
phenomenon was also demonstrated by  Thostenson et al. [107], who reported a 
reduction in the fracture toughness of CNT-epoxy nanocomposites prepared by 
employing a high shear rate during the dispersion process.  
  
  
  
Figure 8-5: SEM micrographs of the fracture surfaces of (a) the unmodified epoxy 
polymer and (b–e) the epoxy nanocomposites containing 0.6 wt% of aligned 
Fe3O4@CNFs. (f) SEM micrograph of the cross-section (i.e. side view) of the crack tip 
of a DCB specimen bonded with the epoxy nanocomposites containing 0.6 wt% of 
aligned Fe3O4@CNFs. The white circles in (d) and (e) indicate the cavities created by 
pull-out of the Fe3O4@CNFs. 
   
 
158 
 
8.4 Conclusions 
Fe3O4@CNFs hybrids can be aligned in the liquid epoxy resin by the application of a 
relatively weak magnetic-field (~ 50 mT), and that this alignment of the nanofibre 
hybrids is maintained whilst the epoxy nanocomposites are cured. Compared to the 
unmodified epoxy polymer, the epoxy nanocomposites exhibit a higher electrical 
conductivity, especially along the direction of the alignment. In addition, alignment of 
the Fe3O4@CNFs further enhances the toughening efficiency. For example, the addition 
of 0.4 wt% of aligned Fe3O4@CNFs increases the fracture energy of the epoxy 
nanocomposites by about 150% above that of the unmodified epoxy polymer. By 
contrast, randomly-oriented Fe3O4@CNFs at the same content only give about an 80% 
improvement. Based on fractographic analyses, the main toughening mechanisms 
induced by the nanofibre hybrids include interfacial debonding, pull-out, crack bridging 
and rupture of the Fe3O4@CNFs, and plastic void growth in the epoxy polymer. The 
alignment of the Fe3O4@CNFs in the direction normal to the crack growth increases 
their propensity to interact with the advancing crack tip, leading to more effective 
toughening. However, the damage to the Fe3O4@CNFs during the functionalisation 
process and subsequent shortening of lengths as a result of multiple ultrasonication 
processes led to somewhat lower improvements in the fracture energy of the 
Fe3O4@CNF-epoxy nanocomposites in comparison to the unmodified CNF-epoxy 
nanocomposites studied earlier. Moreover, the use of co-precipitation technique for 
synthesis of Fe3O4@CNF using current facilities yields a very low volume production 
(less than 0.5 gm/day) which is insufficient for manufacturing fibre-reinforced 
composite laminates for further studies. Therefore, additional through-thickness aligned 
reinforcement techniques will be employed in subsequent study on improving the 
delamination resistance of carbon-fibre composite laminates. 
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Chapter 9 
9 Multi-scale toughening of fibre composites 
using carbon nanofibres and z-pins 
Abstract 
The present chapter investigates a multi-scale approach to synergistically toughen 
composites by combining nano- and macro-scale reinforcements inspired by natural 
composite materials. Carbon reinforcements with two different length scales are used: 
nano-scale carbon nanofibres (~100 nm diameter) and macro-scale carbon z-pins (~280 
Pm diameter) to reinforce continuous carbon-fibre composites in the through-thickness 
direction. The resultant composite, featuring three-dimensional reinforcement 
architecture, possesses triple toughening mechanisms at three different scales, thus 
yielding a synergistic effect. At the nano-scale, the carbon nanofibres alone promote 
high mode I delamination resistance (~70% increase in interlaminar fracture energy) by 
multiple intrinsic and extrinsic toughening processes around the crack tip. The macro-
size carbon z-pins, together with the crossover continuous fibres, promote a strong 
extrinsic toughening mechanism (~200% increase in the interlaminar fracture energy) 
behind the crack tip and over a larger length-scale via both the z-pins and crossover 
fibres bridging the crack faces. When used concurrently, the nano-reinforcements and 
z-pins promote a higher toughness under quasi-static loading (~400% increase in 
fracture energy) than when used separately due to a multiplicative effect from the 
interplay between intrinsic and extrinsic toughening processes operative ahead of, and 
behind, the crack tip. Under mode I interlaminar cyclic-fatigue loading, the multi-scale 
laminates show a strong improvement in resistance against fatigue delamination 
growth. Similar to the synergistic increase in fracture energy, a greater increase in the 
delamination fatigue resistance occurs when both are active together. However, the 
results indicate that the synergistic effect of the multi-scale toughening is statistically 
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significant under quasi-static loading but not under fatigue loading. A very small 
reduction (~2%) in the tensile strength is observed for the multi-scale reinforced 
laminates. 
 
The research presented in this chapter has been published in the following journal and 
conference papers: 
x Ladani RB, Ravindran AR, Wu S, Pingkarawat K, Kinloch AJ, Mouritz AP, 
Kinloch AJ, Mouritz AP, Ritchie RO, Wang CH. Multi-scale toughening of 
fibre composites using carbon nanofibres and z-pins, Composite Science and 
Technology, 2016. (under review) 
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9.1 Introduction 
Natural composite materials, such as bone and nacre, have evolved elaborate 
hierarchical architectures to achieve structures that are both strong and tough, using 
weak but readily available building blocks [270]. Natural composite materials that 
combine the desirable properties of their sub-components often perform significantly 
better than the sum of their parts, representing a major synergistic improvement through 
the confluence of mechanisms that interact at multiple length scales [271]. This has led 
to the current interest in bioinspired composite design ideas [271-273]. However, very 
few examples of practical synthetic versions of the complex hierarchical architecture of 
natural composites have been reported [274]. Almost all natural materials comprise of a 
relatively small number of polymeric (proteins) and ceramic (for instance calcium 
oxide) components or building blocks which have relatively poor intrinsic properties 
[272]. The superior traits of natural composites stem from naturally-occurring complex 
architectures utilizing different structures or structural orientations of constituents 
spanning nano- to macro-scales [274]. For instance, in natural composites, such as 
nacre or bone, the ceramic phase is often in the form of nanometre grains, nanofibres or 
nanoplatelets, all of which increase flaw tolerance and strength [270]. In contrast, most 
human-engineered composites have been developed through the formulation and 
synthesis of new compounds, for instance, different fibres or polymeric matrices, and 
with structural control primarily at the micrometre scale [275].  
The purpose of the research presented in this chapter is to demonstrate a novel 
approach for toughening fibre-reinforced composite architecture with structural 
reinforcements spanning multiple length scales and orientations as shown in Figure 9-1. 
In the absence of the wide availability of CNFs, CNTs or GNPs with high magnetic 
susceptibility that can be aligned in the through-thickness direction of the carbon fibre-
epoxy composites using relatively weak magnetic-fields, carbon z-pins aligned in the 
through-thickness direction are used to reinforce the laminates. Carbon fibre-epoxy 
composites studied in this chapter are reinforced in the through-thickness direction 
using a combination of nano-scale carbon nanofibres (CNFs) and macro-scale carbon z-
pins. CNFs of 1.0 wt% with random orientation are incorporated in the epoxy matrix 
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while z-pins of 1.0 wt% are inserted in the through-the-thickness direction of the 
laminate. The focus of this chapter is to investigate the hybridisation effect of 
concurrent reinforcements by CNFs and z-pins on the mode I interlaminar fracture 
toughness and fatigue properties of carbon-fibre epoxy laminates. To this end, the 
toughening mechanisms of multi-scale reinforcements are characterised experimentally, 
including the impact of CNFs in the matrix on the z-pin bridging traction load under 
mode I static and fatigue loadings. The experimental data and fractographic 
observations presented in this paper provide new insights into the microstructure and 
parameters that control the fracture toughness and fatigue properties of multi-scale 
composites. 
9.2 Materials and Experimental Methodology 
Multi-scale material designs 
As a prime example of a damage-tolerant natural composite material, bone combines 
strength with toughness via a multitude of deformation and toughening mechanisms 
operating at different length scales [270, 276, 277]. The fracture resistance in bone can 
be separated into intrinsic mechanisms that promote ductility and extrinsic mechanisms 
that act to ‘shield’ a growing crack [274]. In bone, the intrinsic toughness originates at 
the nanometre length scales through various processes, including stable uncoiling of the 
mineralized collagen components and the process of collagen fibrils (of ~1.5 nm 
diameter and ~300 nm long) sliding as shown in Figure 9-1a. The fibrillar sliding 
mechanism promotes plasticity near the crack tip at nano- and micro-length scales 
[270]. This intrinsic toughening mechanism results in relatively large energy dissipation 
within the plastic zones and serves to blunt crack tips, while reducing the driving force 
for cracking. Recent nanocomposite research has demonstrated that similar intrinsic 
toughening can be realised in polymeric matrices at the nano-scale via nano-
reinforcements such as carbon nanofibres (CNFs) [278-280], carbon nanotubes (CNTs) 
[31, 281] and graphene nanoplatelets (GNPs) [280, 282]. The inclusion of nano-
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reinforcements in polymeric matrices may significantly enhance energy-dissipative 
deformation mechanisms of the polymer in the form of void growth, for example, 
which promotes the formation of plastic zones as shown in Figure 9-1b.  
            
 
Figure 9-1 : (a) The various level of hierarchical toughening mechanisms prevailing in a 
bone. Adapted from [16] with permission from Macmillan Publishers Ltd Copyright 
2014. (b) Schematic representation of the multi-scale carbon-fibre epoxy composite 
with toughening processes operating at various scales. 
(a) 
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In addition, an even greater improvement to the polymer toughening occurs via the 
pull-out of nano-reinforcements from the polymer matrix which dissipates energy 
through frictional sliding [219]. The nano-reinforcement pull-out process also leads to 
the formation of a crack-bridging zone near the tip, which opposes the applied stress for 
cracking. As shown in Figure 9-1a-b, this frictional sliding process in human-
engineered composites is analogous to the fibrillar sliding mechanism observed in bone. 
However, an even greater contribution to the fracture resistance of bone arises from an 
extrinsic toughening mechanism that occur behind the crack tip at longer length scales, 
in the range of 10-100 Pm [276]. Specifically, once the crack begins to grow, 
mechanisms within the crack wake are activated in the form of crack bridging by the 
osteons to inhibit further cracking [283]. As the crack continues to grow, the regions 
between microcracks formed at the osteonal interfaces form the uncracked-ligament 
bridges, which act as intact regions spanning the crack wake to inhibit its progress. Any 
pull-out of the osteons from the bone matrix that may occur will promote toughening 
once crack propagation has begun. Such crack bridging toughens normal bone by 
decreasing the crack-tip stress intensity, and a larger applied force is required to 
propagate the crack further. This type of extrinsic toughening mechanism can be 
realised using z-pinning technique, where thin carbon-fibre z-pins (of ~280 Pm 
diameter) are inserted in the thickness direction (see Figure 9-1b) of a laminate [40, 
284]. However, the advent of nanotubes and nanofibres has opened possibilities of 
attaining additional intrinsic toughening mechanisms at previously unattainable scales 
in combination with the extrinsic toughening, as is shown in Figure 9-1b. The present 
work will focus on understanding and demonstrating the synergistic toughening of fibre 
composites through the use of nano-scale (i.e. CNFs), micro-scale (i.e. carbon fibres) 
and macro-scale (i.e. z-pins) reinforcements forming a three-dimensional architecture 
mimicking tough natural composites. 
Composite materials and reinforcement process 
Four different types of composites were manufactured for testing. The first 
configuration comprised the baseline laminate, which was fabricated using 20 plies of a 
200 gsm plain woven T300 carbon fabric (AC220127 supplied by Colan Ltd.) and a 
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bisphenol-A based epoxy resin (Resin-105 and Hardener-206 supplied by 
Westsystem®). The plies were oriented such that the weft and warp tows were along 
the length and width of the laminate, respectively. The chosen Westsystem-105 resin is 
widely used for marine applications where the operating temperature of its fibre 
composite system is typically limited by the glass transition temperature (i.e. ~70oC) of 
the cured epoxy resin [226]. (However, the information on the moisture absorption rate 
of this resin system is currently unavailable from the supplier or the published 
literature.)  The carbon-fibre epoxy laminate was made using a wet hand-layup process. 
The laminate was cured at room temperature with 350 kPa overpressure in a hydraulic 
press for 24 hours, and then post-cured at room temperature for 48 hours to allow the 
epoxy to reach its working strength in accordance with the epoxy supplier’s 
recommendations [226].   
The second type of composite material consisted of a CNF-reinforced laminate 
made by incorporating commercially available CNFs (Pyrograf® - III, grade PR-24-
XT-HHT supplied by Applied Sciences Inc.), which have a diameter of about 70-200 
nm and a length of 50-200 Pm. The addition of CNF to the epoxy resin leads to a 
significant increase in its viscosity [136]. Therefore, a moderate CNF weight content 
(i.e. 1 wt%) was chosen to keep the resin viscosity low enough to allow the infiltration 
of carbon fibre preforms during the wet layup process. Nevertheless, in our previous 
investigations on the optimum loading of CNF in epoxy, we observed that addition of 
just 1 wt%  CNFs can promote large improvements to the fracture energy of epoxy 
matrices with only a moderate increase in its viscosity [285, 286].   Firstly, 1 wt% (i.e. 
0.82 vol%) of the CNFs were hand-mixed with the epoxy resin (without the hardener) 
and solvent-free acrylate copolymers, namely Disperbyk-191 and -192 (supplied by 
BYK®), to aid the dispersion of the CNFs. The dispersive surfactants that were added 
to the CNFs were equal to the weight of CNFs, resulting in a mixture of CNFs:D-
191:D-192 at a weight ratio of 1:1:1. The addition of the dispersion aiding surfactants 
was found to have no effect on the fracture toughness of the bulk epoxy. The 
CNF/epoxy mixture was then passed four times through the three-roll mill at 150 rpm 
with progressively smaller gap size until the smallest gap setting of 20 Pm had been 
reached. The hardener was then added to this mixture followed by a wet hand layup to 
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produce the carbon-fibre laminate, which was processed and cured under the same 
conditions as the control material described above. 
 
Figure 9-2 : Schematic illustration of the z-pin reinforced carbon-epoxy laminate layup. 
As shown in Figure 9-2, the third and fourth types of composites were made by 
z-pinning the baseline material (i.e. without any CNFs present) and the CNF-reinforced 
carbon-fibre epoxy laminates, respectively. They were then cured in the hydraulic 
press. The z-pins used were 280 Pm diameter pultruded rods of unidirectional carbon 
fibre-bismaleimide (supplied by Albany Engineered Composites Pty Ltd.). By 
controlling the average spacing to 3.5 mm, the volume content of the z-pins was set to 
be 0.5 vol%. The in-plane strength and stiffness of z-pinned laminate decrease 
approximately linearly with increasing volume content of the pins [20, 287]. Thus, a 
low 0.5 vol% of z-pins was chosen for through-thickness reinforcement of the laminate 
and the presence of 0.5 vol% of z-pins is reported to cause less than 2% and 4% 
reduction in the compressive and tensile strengths of the laminate, respectively [20].  
The same layup procedure and processing conditions were applied to the z-pinned 
laminate and the laminate reinforced with both CNFs and z-pins. Although the length of 
the as-supplied z-pins within its carrier was 9 mm, the length of the z-pins within the 
laminate was controlled by the actual thickness of the carbon-epoxy laminate, which 
was 5 mm. As shown in Figure 9-2, an additional layer of balsa wood with 4 mm 
thickness was placed at the base of the wet layup laminate in order to accommodate the 
excess length of the z-pins during the z-pinning process. The traditional ultrasonically-
assisted pinning process used for the carbon-epoxy prepreg system was not necessary 
20 plies 
plain woven 
carbon fabric 
z-pin carrier Balsa wood for 
load distribution 
4mm Balsa wood 
PTFE release film 
PTFE pre-crack 
350 kPa pressure 
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due to the soft nature of the wet layup laminate. Instead, z-pinning in the through-
thickness direction was achieved by simply compressing the z-pin laminate assembly 
within the hydraulic press with a pressure of 350 kPa. The excess z-pin length within 
the carrier and the base balsa wood were trimmed with a vibrating saw blade after the 
laminates were fully cured.  
 
Figure 9-3 : Schematic illustrations of (a) double cantilever beam (DCB) specimen used 
for mode I quasi-static and fatigue interlaminar fracture toughness testing; and (b) z-pin 
pin pull-out test specimen used for measuring the z-pin bridging traction load. 
Double cantilever beam (DCB) specimens were employed for the tests 
described in the following sections; they consisted of 230 mm long, 20 mm wide 
rectangular-shaped coupons. The DCB specimens consisted of a central region made 
from wet layup plain woven carbon-epoxy laminate and outer regions that were used to 
provide additional stiffening and strengthening, as shown schematically in Figure 9-3a. 
One end of the specimen contained loading tabs as well as a 50 mm long, and 25 µm 
thick polytetrafluoroethylene (PTFE) film was placed between the two middle plies to 
act as a pre-crack for initiation of the delamination crack. To prevent the sub-laminate 
arms of the DCB specimens from breaking during testing, each specimen was bonded 
with two 12-ply unidirectional carbon-epoxy composite strips using an epoxy-paste 
adhesive (Araldite 420 supplied by Huntsman®).   
Fracture toughness and cyclic-fatigue testing procedures 
Both the static fracture toughness and the delamination cyclic-fatigue growth properties 
of all four types of composite laminates were measured using the DCB specimens 
described above. Mode I fracture toughness testing was conducted under displacement 
65 mm pre-crack 
230 mm 
z-pin  
laminate 5 
mm 
(a) (b) 
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controlled using a screw-driven Instron testing machine with a 10 kN load cell. The 
mode I interlaminar fracture toughness was measured by monotonically loading the 
arms of the specimen (via the bonded-on end blocks) using a displacement rate of 2 
mm/min, in accordance with the ASTM Standard D5528 [288]. The crack length was 
measured using a travelling optical microscope located at one side of the DCB 
specimen. A white correction fluid was applied to one side of the DCB facing the 
travelling microscope in order to improve the visibility of the delamination crack 
growth. During loading the delamination crack grew uniformly across the width of the 
specimen, so measurement was only needed on one edge. Four specimens were tested 
for each of the four materials.    
Mode I interlaminar cyclic-fatigue testing was performed by applying a constant 
amplitude sinusoidal cyclic load at a frequency of 10 Hz. The tests were performed 
using a computer-controlled Instron E3000 system with a 3 kN load cell under 
displacement control with a constant cyclic ratio (R-ratio). The ratio between the 
minimum and the maximum applied displacement in one load cycle was kept constant 
at 0.5. Initially, the specimens were subjected to quasi-static loading and the 
delamination was allowed to grow by ~15 mm from the initial flaw in order to achieve a 
naturally sharp crack. The specimens were then subjected to cyclic fatigue loading with 
the maximum crack opening displacement being chosen such that the initial value of the 
applied strain-energy release-rate was about 80% of the mode I interlaminar fracture 
toughness determined from the quasi-static tests. Delamination fatigue growth rates 
were measured at crack growth intervals of ~1 mm, in accordance with the load-
shedding scheme prescribed in ASTM E647 [253]. The load-shedding process was 
continued until the crack growth rates reached the threshold value and no further 
delamination growth occurred.  
Static and fatigue z-pin pull-out tests 
Z-pin pull-out tests were performed to assess the influence of the CNF reinforcement of 
the matrix on the crack-bridging traction law of the z-pins. Figure 9-3b shows the 
schematic of the z-pin pull-out test specimens, which were manufactured from the same 
carbon-fibre epoxy laminate and with similar curing conditions as discussed earlier. 
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Two separate batches of specimens were manufactured with one using CNF-reinforced 
matrix and the other without the CNFs being present. The specimens were z-pinned at 
0.5 vol% in a 4 x 3 configuration. A thin film of polytetrafluoroethylene was placed 
between the two middle plies to keep the two laminates unbonded to facilitate the z-pin 
pull-out. The quasi-static z-pin pull-out tests were conducted by loading the specimen 
in the through-thickness direction at a rate of 0.5 mm/min until the laminates became 
separated. The separation of the samples was measured using a crack-opening 
displacement gauge. The z-pin bridging traction load was determined by dividing the 
measured load by the number of pins within the specimens. 
 The degradation to the z-pin friction traction load under fatigue cycling was 
investigated using the test procedure outlined by Zhang et al. [21]. The fatigue z-pin 
pull-out testing was performed under displacement control by applying a triangular 
waveform with a frequency of 0.05 Hz. A monotonic increasing load was first applied 
until the z-pins fully debond from the laminate. Then the displacement at which the z-
pins fully debond from the matrix was used as the minimum cyclic displacement (    ) 
for fatigue testing. The maximum cyclic displacement was to found to follow the 
relationship, 
                         (9-1) 
where l is the z-pin length (= 5 mm). The z-pin bridging traction load was measured up 
to a total of 5000 fatigue cycles.   
Tensile testing procedure 
Tensile tests were performed to assess the influence of z-pin and CNF reinforcement on 
the strength and stiffness of the laminates. Dog-bone shaped tensile test coupons with a 
14 mm wide gauge section were fabricated using water-lubricated precision grinding 
machine. Tensile test was performed on a MTS testing machine with a 100 kN load 
cell. The tensile test was performed using a displacement rate of 2 mm/min in 
accordance with the ASTM standard D3039 [253]. Four tensile specimens were tested 
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parallel to the warp tows to determine the average tensile strength and stiffness of each 
laminate type. 
9.3 Results and Discussion 
9.3.1 Quasi-static tests 
Figure 9-4a shows the typical effect of the through-thickness reinforcements on the 
mode I crack growth resistance (R-curve) behaviour of the carbon-fibre epoxy 
laminates under quasi-static loading, and shows the effect of the through-thickness 
reinforcement size on the interlaminar fracture toughness. The R-curve for the control 
laminate increased slightly over the initial 10 mm of delamination extension, and this is 
due to the carbon fibres crossing over and bridging the crack faces [254].  As shown in 
Figure 9-4, the R-curve for the CNF-reinforced laminate increased rapidly during the 
initial 15-20 mm phase of crack growth and then reached a steady-state.  
  
Figure 9-4 : Crack growth resistance (R-) curves for the unreinforced and through-
thickness reinforced laminates containing 1.0 wt% CNFs and/or 1.0 wt% z-pins under 
quasi-static loading.  
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Figure 9-5 : (a-c) SEM micrographs of the 0.82 vol% CNF-reinforced laminates. (d-e) 
X-ray computed tomography images showing a side view of a z-pinned DCB test 
specimen. (f-g) SEM micrographs of the delamination front in a side view for the DCB 
test specimen containing CNF and z-pin reinforcements.    
This toughness increase was due to the intrinsic toughening in the form of CNF 
debonding and subsequent matrix void growth (see Figure 9-5a-b) as well as the 
extrinsic toughening in the form of CNF pull-out and crack bridging, as shown in 
Figure 9-5a,c. These toughening mechanisms are commonly observed in nanofiller-
reinforced laminates [289, 290]. In comparison, the R-curve for the z-pinned laminate 
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increased at a much faster rate than the unpinned laminates. This was due primarily to 
the evolution of a z-pin bridging-zone which spanned ~30 mm of the crack, as shown in 
Figure 9-5d-e. Most importantly, from Figure 9-4a it is seen that the steady-state 
interlaminar fracture toughness measured for the laminates reinforced concurrently with 
CNFs and z-pins was much higher than when these reinforcements were used 
separately. This was due to the synergistic combination of toughening by CNFs at the 
crack tip and the extrinsic toughening in the crake wake via a long z-pin crack-bridging 
process zone, as shown in Figure 9-5f-g. This synergistic toughening is discussed in 
detail below. 
 
Figure 9-6 : Mode I interlaminar fracture toughness under quasi-static loading results 
for initiation and propagation of delamination in the control laminate and the laminates 
reinforced with 0.82 vol% CNF and/or 0.5 vol% z-pins. 
Figure 9-6 shows the effects of using CNF and z-pin reinforcements 
concurrently and separately on the initiation, GIi and steady-state interlaminar fracture 
toughness, GIc of the laminate. The initiation fracture toughness of the laminate 
reinforced with z-pins was slightly greater (by ~30%) than the unreinforced (i.e. 
‘control’) laminate. The Z-pins promote very little resistance to crack initiation at 
relatively low volume fractions (~ 0.5 vol%) [40]. This is due to the much greater inter-
pin distance (~3.5 mm as seen in Figure 9-5d-e) in comparison to the small-scale length 
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of the crack initiation process zone: z-pins are only effective when the delamination 
crack is much longer than the inter-pin distance.  However, the initiation toughness of 
the CNF-reinforced laminate was about 100% greater than the control laminate. 
Similarly, when CNF and z-pin reinforcements are used concurrently, the initiation 
fracture toughness was even higher (by ~150%). CNFs promote high delamination 
resistance by multiple toughening processes near the crack tip, including intrinsic (i.e. 
crack bifurcation and matrix void growth, see Figure 9-5a-b) and extrinsic (i.e. crack 
bridging and pull-out of the CNFs, see Figure 9-5c,f). In the process zone ahead of the 
crack tip, CNFs debond from the matrix due to the presence of triaxial tensile stresses. 
The debonded CNFs then act as voids within the matrix, enabling the matrix to deform 
plastically and dissipate energy while enlarging these voids. Matrix void growth around 
nano-reinforcements is commonly observed to promote intrinsic toughness in 
nanocomposites [31, 278]. However, in laminated composites, the size of the process 
zone cannot develop to its full extent, since it is constrained in a thin layer of matrix by 
plies of fibre on either side [291]. Therefore, relatively less energy is dissipated in the 
form of matrix void growth. Instead, the majority of the strain energy is dissipated via 
CNF pull-out and the formation of the crack-bridging process zone behind the tip (see 
Figure 9-5c,f). During CNF pull-out and crack-bridging process zone formation, a large 
amount of energy is dissipated in the form of interfacial frictional sliding between the 
CNF and the matrix. Once the CNF bridging process zone is fully developed, the 
fracture toughness reaches the steady-state value and remains approximately constant. 
The CNF reinforcement increased the steady-state fracture toughness by ~70%, which 
agrees with other studies [39, 290, 292]. Even greater improvements to the steady-state 
fracture toughness were measured (by ~200%) for the laminates reinforced with z-pins. 
The z-pins promote a strong extrinsic toughening mechanism behind the crack tip and 
over a longer length-scale via a long crack-bridging process zone (see Figure 9-5d-e). 
The major improvement to the fracture toughness is due to the frictional energy 
dissipated during the pull-out of z-pins from the laminate. This leads to the formation of 
the z-pin bridging process-zone in the crack wake, which provides the necessary 
traction force to shield the crack tip from the applied stresses. Importantly, when CNFs 
and z-pins were used concurrently, they produced a much greater improvement to the 
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steady-state fracture toughness (by ~400%) due to toughening processes operative 
ahead of the tip (via the CNFs) and behind the crack tip (via the z-pins). Furthermore, 
the overall improvement to the fracture toughness is greater than the expected simple 
additive effect from the toughening due to CNFs and z-pin separately. This is indicative 
of a synergistic toughening effect. This synergism in the fracture toughness can be 
evaluated as follows: 
         
                           
                                                  
     (9-2) 
where     denotes the mode I steady-state fracture toughness, and the subscripts 
“control”, “CNF”, “zpin”, and “CNF+zpin” denote the quantities pertinent to the four 
types of composites. Using the average values of     from Figure 9-6, the level of 
synergy in the steady-state fracture toughness was calculated to be about 11% using Eq. 
(9-2). The statistical significance of this low level of synergy was determined using a 
two-way analysis of variance (ANOVA). The two-way ANOVA test calculates the 
probability of interaction while considering the standard deviation of each sample 
population. Each sample population had a size of 38, comprised of all    values 
corresponding to the delamination length greater than 30 mm in Figure 9-4. The 
corresponding values of p and f for interaction were 0.003 and 10.36 respectively which 
suggests a 99% probability of synergy when the CNF and z-pins are used concurrently. 
A possible major reason for this synergy is that the presence of CNFs in the matrix 
enhances the energy dissipation during the debonding and pull-out of the z-pins. This 
was further examined by determining the mode I bridging traction load using the z-pin 
pull-out test. Figure 9-8a shows shows the comparison between a representative 
bridging traction load-displacement behaviour during the pull-out of the z-pins from 
laminates with CNF-reinforced matrix and unmodified matrix.  The initial portion of 
this curve represents the elastic deformation of the z-pin/matrix interface up to the 
maximum traction load necessary to fully debond the z-pin. The debonding is followed 
by the subsequent pull-out of the z-pin from the laminate. The area under the traction 
load-displacement curve defines the total amount of energy dissipated by the pull-out of 
z-pins. The maximum traction load necessary to fully debond the z-pin is increased by 
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the presence of CNFs in the matrix. The maximum traction load is limited by the z-
pin/matrix interface or the shear strength of the matrix, whichever is the lesser. Several 
recent fibre pull-out studies have reported up to 30% improvement in the interfacial 
strength [293, 294] between micro-scale fibres and the matrix, when the latter was 
reinforced with nanofillers due to the better flow of the matrix. Other studies have also 
reported improvements in the interlaminar shear strength in composites with CNF-
reinforced matrices [26, 141]. The z-pin/matrix interface strength can be determined 
from the maximum traction load, Pmax using [295]:  
    
    
     
             (9-3) 
where d and lpo (~l/2) are the z-pin diameter and pull-out length, respectively. By using 
an average value for the maximum traction load measured from five different z-pin 
pull-out samples, the z-pin interface strength for the unmodified matrix was calculated 
to be 16.4 MPa. This value is very similar to that previously reported for z-pin interface 
strength measurements [295]. Similarly, the z-pin interface strength for the CNF-
reinforced matrix was calculated to be 22.1 MPa. A similar enhancement to the z-pin 
interface strength may be achieved by either using a stronger matrix or by improving 
the interfacial adhesion via, for example, functionalising the surface of the z-pin. 
However, simply increasing the interfacial adhesion may not necessarily lead to a 
greater toughness improvement, because the energy associated with the elastic 
deformation of the z-pin and its subsequent debonding is much lower than that 
dissipated during the pin pull-out process. The energy dissipated during the pull-out 
process for the z-pin is due to the interfacial frictional stress,    , between the z-pin and 
the laminate. By using the average peak friction load corresponding to the z-pin pull-
out stage (see Figure 9-7a) in Eq. (9-3), the interfacial frictional stress for the 
unmodified matrix was calculated to be 7.85 MPa. The interfacial frictional stress for 
the CNF-reinforced matrix was slightly higher at 9.89 MPa. Thus, as generally reported  
[295], the interfacial frictional stress is indeed lower than the z-pin interface strength.  
The energy dissipated during the z-pin pull-out process can be determined from 
the interfacial frictional stress using Eq. (2-5) [82]. Figure 9-7b shows the effect of 
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CNF reinforcement on the energy dissipated during the z-pin pull-out process 
determined from Eq. (2-5) and its comparison to the experimentally measured energy 
from the area under the curve in Figure 9-7a. Using Eq. (2-5) the z-pin pull-out energy 
for various pull-out lengths can be calculated, as shown in Figure 9-7b. It can be seen 
that the model predictions correlate well with the experimental results pertinent to a pin 
density of 0.5 vol%. Furthermore, the calculated pull-out energy is in agreement with 
the improvement of the steady-state value of GIc due to the presence of the z-pins, 
compared to the control laminate, i.e. about 2 kJ/m2 as shown in Figure 9-6. Moreover, 
the energy dissipation during the z-pin pull-out from the CNF-reinforced matrix was 
found to be ~25% greater than the unmodified matrix. This suggests interactions occur 
between the CNFs and z-pins which lead to significant toughness enhancements.  
Therefore, the presence of CNFs in the matrix delays the onset of z-pin debonding 
process and also increases the frictional energy dissipated during the subsequent pull-
out of the z-pin, which is due to the pull-out of additional CNFs at the z-pin/matrix 
interface, as shown in Figure 9-8. This enhancement to the energy dissipation during 
the pull-out of the z-pins in the presence of the CNFs in the matrix leads to the 
synergistic improvement in the fracture toughness of the laminate that is observed.  
 
Figure 9-7: Effects of the CNF-reinforced matrix on (a) the z-pin traction load-crack 
opening displacement curve and (b) the z-pin pull-out energy calculated from (i) the 
area under the load-displacement curve in (a) and (ii) Eq. (2-5). 
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Figure 9-8 : SEM micrographs of the z-pin surface (a) at low magnification and (b) at 
high magnification, as observed for the pin pull-out specimens reinforced with CNFs 
and z-pins concurrently.  
9.3.2 Cyclic-fatigue tests 
Figure 9-9 presents the fatigue delamination growth, da/dN, per load cycle against the 
cyclic strain-energy release-rate range (SERR) for the unreinforced laminate and 
laminates reinforced with CNFs and/or z-pins. The measured da/dN versus      curves 
exhibit the typical Paris relationship, where the term       is defined by [254, 296, 
297]: 
     (√      √    )
 
         (9-5) 
The above relationship can be extended by using the Forman equation [292] to account 
for the effects of the threshold and fracture toughness on the crack growth rate, as given 
by the following relationship [296]: 
  
  
 
                 
      √    √      
        (9-6) 
where ∆Geq,th is the threshold value of      and R is the crack opening displacement 
ratio during fatigue loading. With the values of ∆Geq,th  and the fracture energy listed in 
Table 9-1, the parameters C and m in Eq. (9-6) can be obtained by curve-fitting the 
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measured fatigue crack growth rates using Eq. (9-6). (The value of ∆Geq,th, below which 
no cyclic-fatigue crack will occur from the pre-existing delamination, was taken at a 
crack growth rate of 10-9 m/cycle.) 
 
Figure 9-9 : Paris curve plots showing the effect of the applied strain energy release 
range ('GI,eq) on the fatigue crack growth rate (da/dN) for the control laminate and the 
laminates reinforced with 0.82 vol% CNFs and/or 0.5 vol% z-pins. 
Table 9-1: Tensile and fatigue delamination properties of the laminates.  
Specimen GIc 
(J/m2) 
∆Geq,th  
(J/m2) 
GIc 
(J/m2) 
m C E11 
(GPa) 
σ11 
(MPa) 
Control 670 40 670 2.2 4 10-7 49.6 (0.1) 447.5 (3.7) 
CNF 1123 56 1123 1.7 2 10-7 50.1 (0.5) 452.9 (4.1) 
z-pin 1922 165 1922 2 3.6 10-8 49.3 (0.1) 427.6 (2.3) 
CNF + z-pin 3255 200 3255 1.4 9 10-8 49.3 (0.2) 436.7 (6.5) 
Note: The value of the crack opening displacement ratio during fatigue loading was 0.5. The values in 
the bracket indicate standard deviations. 
Similar to the results for the quasi-static interlaminar tests, the resistance to fatigue 
loading was much greater for the laminate reinforced with CNFs and z-pins 
concurrently. Indeed, the value of ∆Geq,th  increased by ~40% for the CNF-reinforced 
and ~300% for the z-pin reinforced laminates. However, when the laminate was 
reinforced together with both CNFs and z-pins concurrently, the value of ∆Geq,th was 
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much greater and increased by ~400% compared to the control laminate. Similarly there 
was a much greater reduction in the gradient of the crack growth rate, as defined by the 
Paris exponent m (see Eq. 9-6 and values given in Table 9-1) for the laminate 
reinforced with CNFs and z-pins concurrently. The value of the exponent, m, defines 
the sensitivity of the crack growth rate of a material to variations in the applied range of 
cyclic SERR. A lower value of m, in part, indicates a greater resistance to fatigue crack 
growth.  In contrast, the value of m measured for the laminates reinforced with CNFs 
and z-pins separately, was only slightly lower than the control laminate. Similar to the 
quasi-static interlaminar tests, the toughening due to CNF pull-out and crack bridging 
near the tip caused the improvement to the cyclic fatigue delamination resistance in the 
CNF-reinforced laminate. For the z-pinned laminate, the fatigue-induced delamination 
growth caused the formation of a large-scale z-pin bridging zone along the crack wake. 
This z-pin bridging zone generated traction loads that slowed the fatigue crack growth 
rate under cyclic loading. However, for the laminate reinforced with CNFs, the 
improvement in the value of ∆Geq,th was somewhat lower than the improvement seen in 
the fracture energy during quasi-static loading of this laminate. This was due to the 
degradation of the CNF bridging zone near the crack tip caused by the fatigue-induced 
damage of the CNFs. For example, Figure 9-10 shows the fatigue-induced damage of 
the CNFs on the fracture surface of the CNF-reinforced laminate tested under fatigue 
loading. The outer primary load-bearing CNF wall appears to have been damaged by 
the fatigue loading which resulted in the smaller diameter inner-core carrying low load, 
due to its lower stiffness. Most notably, when CNF and z-pin reinforcements are used 
concurrently, the improvement to ∆Geq,th is much greater than the expected additive 
effect from the toughening due to CNFs and z-pin, representing a major synergistic 
toughening mechanism.  
Next, the question arises of whether, when CNF and z-pin reinforcements are 
used concurrently, is the improvement to ∆Geq much greater than expected simply from 
an additive effect from the toughening due to the CNFs and z-pin acting independently? 
Since, the former would represent a major synergistic toughening mechanism. Here the 
apparent synergy in fatigue resistance can be calculated by replacing     in Eq. (9-2) 
with     : 
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             (9-7) 
This possible fatigue synergy refers to the SERR range, ∆Geq, necessary to cause a 
given fatigue crack growth rate of da/dN. The results are presented in Figure 9-11. 
When the CNF and z-pin reinforcements are used concurrently, the level of 
improvement to the ∆Geq near the threshold range (~13%) is very similar to the 
synergistic improvement observed in the quasi-static fracture toughness of this 
laminate, which was 11%. The apparent synergistic improvement was, however, much 
greater (~35%) at higher growth rates and, hence, at higher values of ∆Geq, i.e. when 
the crack growth rate exceeded ~10-6 m/cycle (see Figure 9-11). However, this apparent 
synergy in the fatigue resistance has been found to be statistically insignificant by using 
a two-way analysis of variance (ANOVA). The large scatter of about one order of 
magnitude observed in the crack growth rates leads to a high p-value of 0.679, which 
implies that the interaction is statistically improbable.  
 
Figure 9-10 : CNF un-coring type damage as observed on the fracture surface of the 
CNF-reinforced laminate tested under fatigue loading. 
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Figure 9-11 : The level of synergistic improvement to the strain energy release range 
(∆Geq) for the laminate reinforced with CNFs and z-pins concurrently. 
Studies have shown that fatigue damage of the z-pin/laminate interface can 
result in early onset of interfacial debonding of z-pins which eventually leads to their 
failure by pull-out [21, 40]. To further investigate the influence of CNFs on the z-
pin/laminate interface properties, additional cyclic-loading pin pull-out tests were 
conducted. Figure 9-12 shows the influence of CNFs on the friction traction load 
generated during the cyclic pull-out of z-pins, and a comparison to quasi-static test 
results. As seen in Figure 9-12a, there is a progressive reduction in the friction traction 
load generated by z-pins with increasing number of displacement cycles. This reduction 
is due to the wearing of the z-pin/laminate interface caused by the cyclic pull-out of the 
pins [28]. For instance, Figure 9-13 shows images taken inside the holes created from z-
pin pull-out in the specimens tested under quasi-static or fatigue loading. The hole-wall 
surface was relatively smooth when the pins were pulled-out under quasi-static loading. 
Under cyclic loading there was significant wearing of the hole surface, since during 
cyclic loading the z-pins slid back and forth against the laminate with each load cycle. 
This resulted in a fretting-type wear process which caused widening of the hole around 
the debonded z-pin. This then led to the progressive reduction in the friction traction 
stress generated by the z-pins with increasing number of load cycles as shown in Figure 
9-12a. A comparison of the peak z-pin friction traction load for the unreinforced and 
CNF-reinforced matrix is presented in Figure 9-12b. This figure shows that similar to 
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quasi-static loading, a higher z-pin bridging traction is generated due to CNF 
reinforcement of the z-pin/laminate interface under cyclic loading.  
     
Figure 9-12 : (a) Effect of cyclic loading on the z-pin friction traction load-
displacement curve with increasing number of load cycles as measured for the pin pull-
out specimen reinforced with 0.5 vol% z-pins. N is the number of load cycles. (b) The 
peak z-pin friction traction load measured with increasing number of load cycles for the 
pin pull-out specimen reinforced with pins only and the specimen reinforced with CNFs 
and z-pins concurrently. 
As seen in Figure 9-13c, the fretting-type wear process is less severe for the z-
pin/laminate interface reinforced by CNFs. This is because the CNF nano-
reinforcements acts to improve the shear strength of the composite matrix [26, 141]. For 
example, Figure 9-13d shows that the CNFs bridge the micro-cracks that form during 
the shear deformation of the z-pin/matrix interface due to a cyclic pull-out process and 
reduce the fretting-type wear action. In z-pinned DCB laminates, the severity of the 
fretting-wear was observed to increase with ∆Geq. Since at higher ∆Geq values, the 
sliding distance in each cycle increases, this can lead to a greater amount of fretting-
type wear of the z-pin/laminate interface. However, at such high ∆Geq values, the CNF 
reinforcement to the z-pin/laminate interface demonstrated a greater influence on the 
fatigue performance of the z-pins. This explains the greater level of improvement 
observed at higher ∆Geq values for the laminate reinforced with both CNFs and z-pins. 
The rupturing or ‘un-coring’ type of cyclic damage to the CNFs which caused the 
degradation of the crack-bridging zone of the CNFs was rarely observed on the fracture 
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surface of the laminate reinforced with CNFs and z-pins concurrently. This suggests 
that, under fatigue loading, the z-pin bridging zone and the resultant traction load 
shields the CNF bridging zone at the crack tip, leading to the significantly greater 
improvement in the value of ∆Geq,th that was observed when CNFs and z-pins were used 
concurrently, see Table 9-1.  
 
  
Figure 9-13 : SEM micrographs of the hole walls formed by z-pin pull-out under (a) 
static interlaminar loading, (b) fatigue loading; and (c-d) for specimen reinforced with 
CNFs and tested under fatigue loading. 
In addition, tensile tests were performed to assess the influence of through-
thickness reinforcement on the in-plane properties of the laminates. The tensile strength 
(V11) and Young’s modulus (E11) of the laminates are listed in Table 9-1. The stiffness 
of the through-thickness reinforced laminates is very similar to the control laminate. 
However, the tensile strength of the z-pinned laminates decreased by 2 to 4%. Previous 
studies have also reported that a greater reduction occurs in the tensile strength of z-
pinned laminates in comparison to the reduction in their stiffness [287]. The magnitude 
of the reduction in the strength of laminates reinforced with 0.5 vol% z-pins is similar 
to that reported in other studies [20]. The reduction in strength is attributed to the 
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crimping of in-plane fibres caused by the inserted z-pins, which increases the stress 
concentration around these regions of the laminate [20, 298]. As a result, all z-pinned 
tensile specimens were observed to fail along the z-pin region. The CNF reinforcements 
caused a marginal improvement in the strength of the laminates. But this improvement 
was not sufficient to offset the degradation in strength due to the z-pins. 
9.4 Conclusions 
The effects of multi-scale toughening of carbon-epoxy laminates using carbon 
nanofibres and z-pins spanning multiple length scales have been investigated. The 
results show that CNFs are effective at improving the interlaminar fracture toughness 
under quasi-static loading by intrinsic (i.e. crack bifurcation or branching and epoxy 
void growth) and extrinsic (i.e. crack bridging and pull-out of the CNFs) mechanisms. 
By comparison, z-pins generate significant extrinsic toughening primarily behind the 
crack tip and over a larger length-scale via crack bridging. When used concurrently, the 
interaction between the CNFs and z-pins has been shown to yield a greater toughness 
than when the two reinforcements are used separately. In particular, the presence of 
CNFs in the matrix enhanced the energy dissipation during the pull-out of the z-pins; 
indeed, this represented a major synergy suggesting a multiplicative toughening effect. 
The presence of a synergistic effect was indeed confirmed for the quasi-static toughness 
results via a statistical analysis. However, the tensile strength of the z-pinned laminates 
was slightly lower than that of the control laminates. The addition of the CNF 
reinforcement to the z-pinned laminates was insufficient to recover this loss of strength.  
The multi-scale reinforcement to the laminate via CNFs and z-pins also leads to a 
strong improvement in the resistance to cyclic-fatigue delamination growth over the 
entire range of crack growth rates from the threshold regime to instability. The 
improvement in the fatigue delamination resistance has been found to increase with 
delamination growth, due to the greater effects of the CNF reinforcement on the z-
pin/laminate interface under fatigue loading at relatively high cyclic loads. Although 
there was an initial suggestion of synergistic improvement to the fatigue resistance 
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when the laminate was reinforced by both CNFs and z-pins, it was statistically 
insignificant and therefore the overall improvement was largely additive from these two 
reinforcements.  
A new class of multi-scale fibre composites has been described which offers a 
unique opportunity to markedly enhance the fracture toughness and fatigue resistance of 
polymer matrix fibre composites, and hence significantly increase the damage tolerance 
of such composites over multiple length-scales of delamination cracking from sub-
micron to sub-meter scales, which has previously not been possible. It is feasible that 
other types of carbon nano-reinforcements (e.g. CNTs, grapheme) and z-pins (e.g. 
metals) promote similar or even greater interlaminar strengthening, and this is currently 
under investigation. 
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CHAPTER 10 
10 Concluding Remarks 
10.1 Major Conclusions 
10.1.1 Electrical conductivity and fracture energy of 
aligned CNF and GNP-reinforced epoxy composites 
This PhD study investigated the effects of the carbon nano-reinforcement shape, 
orientation and concentration on the electrical conductivity and fracture energy of 
epoxy composites. The experimental study shows that both the one-dimensional CNFs 
and two-dimensional GNPs are effective reinforcements for improving the electrical 
conductivity and fracture energy of thermoset epoxy polymer. The AC electric-field 
was found to be very effective in aligning CNFs and GNPs to form a chain-like 
structure in epoxy. The AC electric-field induced alignment and chaining of CNFs and 
GNPs led to the formation of a percolating network at low nano-reinforcement content, 
thus yielding a measurable DC conductivity.  The epoxy composites containing aligned 
nano-reinforcements showed a lower (by ~50%) electrical percolation threshold in 
comparison to the epoxy composites containing randomly-oriented nano-
reinforcements.  Compared to the unmodified epoxy, the improvement in electrical 
conductivity of the epoxy composites containing aligned CNFs and GNPs were 
increased by about then and seven orders of magnitude, respectively.  
The fracture energy of the epoxy composites reinforced with just 1 wt% of 
CNFs and GNPs increased by about 850% and 500%, respectively. An additional 
improvement in the fracture energy of up to about 40% was achieved by aligning the 
nano-reinforcements transverse to the crack growth direction. However, the efficacy of 
the alignment of nano-reinforcements on the improvement in the electrical conductivity 
and fracture energies of the epoxy composites was found to diminish at higher 
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concentrations of nano-reinforcements. The fractographic analysis revealed that the 
large improvement in the fracture energy of the nano-reinforced epoxy composites was 
due to a combination of intrinsic and extrinsic toughening mechanisms, including (i) 
debonding of the nano-reinforcements, (b) the energy associated with the frictional 
pull-out of the nano-reinforcements, (c) crack bridging and rupturing of the nano-
reinforcements, and (d) void growth around the debonded nano-reinforcements in the 
process zone. The alignment of the nano-reinforcements perpendicular to the crack path 
generally led to a higher fraction of nano-reinforcements participating in these 
aforementioned toughening mechanisms, and thus accounted for the relatively higher 
values of fracture energy. The mechanistic fracture model developed to estimate the 
fracture energy contribution from each of the above toughening mechanism was in 
good agreement with the experimental results. The fracture energy modelling results 
showed that the one-dimensional CNFs are efficient at increasing the intrinsic 
toughness of epoxy in the form of epoxy void growth, whereas the two-dimensional 
GNPs are more effective at extrinsic toughening through pull-out and crack bridging of 
the GNPs.  
In addition to the use of electric-field to align CNFs, the PhD project 
investigated the alignment of CNFs using a magnetic-field. The functionalisation of 
CNFs with Fe3O4 nanoparticles significantly enhanced their magnetic susceptibility. A 
low magnetic-field of just 50 mT was found to be sufficient to cause the alignment of 
the Fe3O4 functionalised CNFs in a liquid epoxy resin. The curing of the Fe3O4@CNF 
epoxy composites in the presence of a magnetic-field was found to maintain the 
alignment of Fe3O4@CNFs along the external field direction in the cured epoxy 
composite samples.  The improvement in the electrical conductivity and fracture energy 
of the epoxy composites reinforced with magnetic-field aligned Fe3O4@CNFs was 
greater than their random counterparts.  However, the overall improvements for the 
epoxy composites reinforced with Fe3O4 functionalised CNFs was lower than that 
reinforced with the unfunctionalised CNFs. This was attributed to the damage to the 
CNFs caused by the acid treatments used for the synthesis of Fe3O4 functionalised 
CNFs as well as the severe shear forces experienced during their dispersion via multiple 
ultrasonication treatments. This study showed that the synthesis of high quality nano-
reinforcements with high susceptibility to magnetic-field and at higher volume 
production remains a challenging task. In this PhD study, the as supplied CNF 
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reinforcement of the epoxy composites showed the highest level of improvement in 
their electrical conductivity and fracture energy compared to the GNP and Fe3O4 
functionalised CNF reinforcements.  
10.1.2 Fatigue resistance of epoxy composite reinforced 
with aligned CNFs 
A further experimental investigation explored the effectiveness of electric-field aligned 
CNFs at improving the fatigue resistance of epoxy composites. Under cyclic loading, 
the CNF-reinforced epoxy composites showed improved resistance to fatigue cracking. 
The critical and threshold strain energy of the CNF-reinforced epoxy composites was 
much greater than unmodified epoxy. The improvement in the critical strain energy 
measured under cyclic loading was similar to the level of improvement observed in the 
fracture energy of these epoxy composites tested under monotonic loading. Similar to 
the quasi-static fracture energy tests, a somewhat greater improvement to the fatigue 
resistance was measured for the epoxy composites reinforced with aligned CNFs.  The 
increase in the fatigue resistance of the CNF-reinforced epoxy composites was due to 
the same underlying toughening mechanisms observed during the quasi-static fracture 
energy tests. However, the fractographic analysis revealed that CNFs undergo a unique 
fatigue induced damage mechanism when subjected to cyclic loading. The inner layer 
of double-layer CNFs can unravel under cyclic fatigue loading, following the fracture 
of the outer layer. This deformation mechanism, which has not been observed 
previously in quasi-static tests, contributes to the substantial improvements observed in 
the cyclic-fatigue resistance of such epoxy nanocomposites. 
10.1.3 Disbond detection in bonded composite joints 
using aligned CNFs  
Next, the aligned CNF-reinforced epoxy composites were used as adhesive for bonded 
carbon fibre-epoxy joints to investigate the effectiveness of CNF networks for detecting 
disbond in composite joints. Real-time in-situ resistance measurements through-the-
thickness of such composite joints during cyclic loading revealed a large increase in the 
resistance due to fatigue cracking of the CNF-reinforced adhesive layer. The increase in 
resistance due to the propagation of fatigue cracks was in good agreement with the 
simple resistivity model used in the investigation. The disbond length calculated from 
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the in-situ resistance measurement using the resistivity model was in good agreement 
with the optically observed disbond length. The alignment of the CNFs in the through-
thickness direction of the adhesive joints showed no obvious advantage over their 
randomly-oriented counterparts for detecting disbond in joint. However, the in-situ 
resistance based disbond detection technique demonstrated in this PhD study offers 
excellent alternative to other traditional non-destructive inspection techniques currently 
used for detecting disbond in adhesively bonded composite joints.  
10.1.4 Multi-scale composites reinforced with CNFs and z-
pins  
In addition, the multi-scale toughening effects of CNF and z-pin reinforcements on the 
interlaminar delamination resistance of carbon fibre-epoxy laminates was investigated 
under quasi-static and cyclic loading. For the laminate reinforced concurrently with 
CNFs and z-pins, the CNFs promote high delamination resistance by multiple intrinsic 
(i.e. crack bifurcation or branching and epoxy void growth) and extrinsic (i.e. crack 
bridging and pull-out of the CNFs) toughening mechanisms. In addition, an even 
greater contribution to toughness occurred from z-pins through an extrinsic toughening 
primarily behind the crack tip and over a larger length-scale via crack bridging.  The 
presence of CNFs in the matrix enhanced the energy dissipation during the pull-out of 
the z-pins; indeed, this represented a major synergy suggesting a multiplicative 
toughening effect. Therefore, when used concurrently, the interaction between the 
CNFs and z-pins was shown to yield a greater toughness than when the two 
reinforcements were used separately. In particular, the presence of CNFs in the matrix 
enhanced the energy dissipation during the pull-out of the z-pins; which represented a 
major synergistic toughening effect. The multi-scale reinforcement to the laminate via 
CNFs and z-pins also led to a strong improvement in the resistance to cyclic-fatigue 
delamination growth over the entire range of crack growth rates from the threshold 
regime to instability. While there was an initial suggestion of synergistic improvement 
to the fatigue resistance when the laminate was reinforced by both CNFs and z-pins, it 
was found to be statistically insignificant. The multi-scale fibre composite offers a 
unique opportunity to markedly enhance the fracture toughness and fatigue resistance of 
advanced fibre-reinforced composites, and thus improving their damage tolerance.  
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10.2  Recommendations and Future Research Area 
This PhD project has researched the efficacy of the aligned carbon nano-reinforcements 
in improving the electrical properties and fracture resistance of an epoxy polymer and 
its composites. The research has highlighted the advantages of aligning carbon nano-
reinforcements for achieving the optimum performance in epoxy composites. However, 
there remain key challenges in achieving the alignment of carbon nano-reinforcements 
in the through-thickness direction of advanced fibre-reinforced composites. This section 
briefly describes several research topics worthy of investigation to advance the science 
and technology of nano-reinforced composites. 
10.2.1 Further Assessment of the Fracture Resistance of 
Nano-reinforced Composites 
This project investigated the fracture resistance of epoxy composites and fibre-
reinforced epoxy composites containing carbon nano-reinforcements when subjected to 
mode I static and fatigue loading. However, additional investigation into the fracture 
properties of nano-reinforced composites under different loading conditions is needed. 
Although, the alignment of the carbon nano-reinforcements along the primary loading 
direction (i.e. mode I) leads to optimum improvement to its fracture resistance. The 
effect of alignment on the fracture resistance of composites under other loading 
conditions such as mode II and mixed I/II needs to be evaluated. This could result in the 
fracture resistance of carbon nano-reinforced composites under mode II and mixed-
mode conditions being different to the high level of improvement observed in this PhD 
project for mode I loading.  
In addition, the level of improvements observed in the fracture toughness and 
fatigue crack growth resistance of CNF-reinforced epoxy, if used as an adhesive, may 
depend on the bond line thickness. The possible effect of the adhesive bond line 
thickness on the fracture and fatigue resistance of CNF-reinforced epoxy composites 
can be investigated. Moreover, the mechanistic fracture modeling studies showed that 
the respective contribution from the primary toughening mechanisms, namely nano-
reinforcements pull-out, debonding, void growth and their rupture depends largely on 
the nano-reinforcement/polymer interface properties. Thus, the effect of modulating the 
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nano-reinforcement/polymer interface on the fracture toughness and the toughening 
mechanisms of nano-reinforced composites could be investigated. The effects of 
modulating the nano-reinforcement/polymer interface could be further investigated 
using molecular dynamic simulations to obtain a comprehensive model of the fracture 
mechanisms of the nano-reinforced composites which cannot be captured using the 
mechanistic model proposed in this PhD.  
10.2.2 Aligning Carbon Nano-reinforcements in Carbon 
Fibre-Epoxy Composites 
This project investigated the alignment of CNFs in epoxy composites using electric- 
and magnetic-field. The use of electric-field was found to be more effective at 
improving electrical conductivity and fracture properties of CNF-epoxy composites in 
comparison to the Fe3O4@CNF-epoxy composites prepared with magnetic-field. 
Although, magnetic-field can be used to align CNFs in carbon fibre-epoxy composites, 
the use of co-precipitation technique to synthesis Fe3O4 functionalised CNFs with 
improved magnetic susceptibility was found to cause structural damage of CNFs. The 
resulting Fe3O4@CNF-reinforced epoxy composites possessed lower fracture 
resistance. This combined with the very low volume yield of Fe3O4@CNF 
functionalisation process makes it impractical for reinforcing carbon fibre-epoxy 
composite laminates for further investigations. Therefore, any future study needs to 
overcome this dilemma of improving the magnetic susceptibility of carbon nano-
reinforcements without adversely affecting their reinforcing capability. Recently, the 
deposition of ferromagnetic metals on CNTs using electron-beam evaporation has been 
shown to increase their magnetic susceptibility with good prospects for scalable 
manufacturing of such carbon nano-materials without adversely affecting its inherent 
properties [299]. Furthermore, the use of aligned CNFs in the adhesive joints showed 
no obvious advantage over their randomly-oriented counterparts for detecting disbond 
in joint. The use of CNF-reinforced adhesives enabled the detection of small damage 
size of about 5 percent of the bond area. However, the ability to detect the damage may 
also depend on the size of the samples, the conductivity of the composite adherends as 
well as the location of the electrodes used to measure the potential drop. These effects 
need to be investigated before the proposed detection technique could be used for actual 
structural health monitoring application. 
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There is an increasing demand for high performance composites with enhanced mechanical and elec-
trical properties. Carbon nanoﬁbres offer a promising solution but their effectiveness has been limited by
difﬁculty in achieving directional alignment. Here we report the use of an alternating current (AC)
electric ﬁeld to align carbon nanoﬁbres in an epoxy. During the cure process of an epoxy resin, carbon
nanoﬁbres (CNFs) are observed to rotate and align with the applied electric ﬁeld, forming a chain-like
structure. The fracture energies of the resultant epoxy nanocomposites containing different concentra-
tions of CNFs (up to 1.6 wt%) are measured using double cantilever beam specimens. The results show
that the addition of 1.6 wt% of aligned CNFs increases the electrical conductivity of such nanocomposites
by about seven orders of magnitudes to 10!2 S/m and increases the fracture energy, GIc, by about 1600%
from 134 to 2345 J/m2. A modelling technique is presented to quantify this major increase in the fracture
energy with aligned CNFs. The results of this research open up new opportunities to create multi-scale
composites with greatly enhanced multifunctional properties.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Thermosetting epoxy polymers are widely used in aerospace
and automotive applications as matrices for manufacturing ﬁbre
reinforced composites and as adhesives for joining structural
components. Despite offering many desirable properties, thermo-
setting polymers typically exhibit a low electrical conductivity and
a low fracture toughness, which leads to poor resistance to light-
ning strike and crack growth [1]. In the absence of any through-
thickness reinforcement, ﬁbre composites and bonded joints are
susceptible to delamination or debonding [2]. The low electrical
conductivity of composites and bonded structures, especially along
the thickness direction, present challenges in protecting of aircraft
against lightning strikes and electromagnetic interference. Also,
good electrical conductivity is needed to meet ﬁre retardant anti-
static regulations for mining equipment, and oil-gas storage and
transportation. Hence, improving the through-thickness toughness
and electrical conductivity of ﬁbre composites is of great
importance.
Traditional techniques to improve the through-thickness prop-
erties and damage tolerance of epoxy polymers are to form a
polymeric alloy via the addition of thermoplastics [3,4] or rubber
tougheners [5,6]. Although these methods provide signiﬁcant im-
provements to the toughness, the electrical conductivity remains
unchanged because such additives are dielectric. More recently,
studies on conductive carbon-based nanoﬁllers, such as carbon
nanotubes (CNTs) [7e9], carbon nanoﬁbres (CNFs) [10e12] and
graphene nanosheets (GNSs) [13,14], have shown signiﬁcant
promise to increase the toughness of epoxy polymers, as well as the
ability to improve their electric conductivity. A number of studies
have reported good improvements in toughness of epoxy nano-
composites by the addition of CNTs [15e18] or CNFs [12,19,20]. For
example, Tang et al. [21] reported that the addition of 1 wt% CNTs
increased the fracture energy of an epoxy by about 130%. Palmeri
et al. [22] showed that the addition of just 0.68 wt% CNFs improved
the fracture toughness of an epoxy by about 43e112%. Similarly,
other studies have reported fracture toughness improvements* Corresponding author.
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between 40 and 80 % for CNT or CNF modiﬁed epoxy nano-
composites. While these improvements are impressive, they are
signiﬁcantly lower than the nine fold increase in fracture toughness
reported for nano-silica [23] and rubber-toughened modiﬁed
epoxy polymers [24]. But the use of carbon based nanoﬁllers can
simultaneously increase the electric conductivity and mechanical
properties, unlike nano-silica and rubber particles.
One major factor limiting the property improvements achieved
to date in epoxy nanocomposites has been the fact that the carbon
nanoﬁllers are typically randomly-oriented, which arises naturally
from the dispersion process using ultrasonication and/or mechan-
ical mixing [25]. Unsurprisingly, the improvements achieved in
many important properties of the epoxy nanocomposites contain-
ing randomly-oriented carbon-based nanoﬁllers are signiﬁcantly
lower than what would be predicted had the nanoﬁllers been
aligned in the desired direction, albeit that the properties are now
of course anisotropic. Theoretical modelling and computational
simulations suggest that aligning nano-scale structures (e.g. CNTs
and CNFs) in a certain direction should lead to substantial advan-
tages compared with randomly-oriented nanoﬁllers. Indeed, nu-
merical analyses have conﬁrmed that 1.0 vol% aligned CNTs should
increase the stiffness of an epoxy by about 300% [26] in the align-
ment direction. Similarly, the alignment of 3.0 vol% CNTs in epoxy
normal to the crack growth plane is predicted to enhance the
toughness by up to 400% [27]. Unfortunately, there is a dearth of
suitable processes to align carbon nanoﬁllers along the through-
thickness direction of composites. However, recently the use of
electric- and magnetic-ﬁelds to align nanoparticles in liquid resins,
prior to curing, has been reported [28e32]. The present authors
have shown that by attaching nano-magnetite (Fe3O4), CNFs can be
aligned by using a very weak (0.05T) magnetic ﬁeld [32]. Under the
application of an electric ﬁeld between a pair of parallel plate
electrodes, the nanoﬁllers may align to form a chain-like network
in the direction of the electric ﬁeld [33]. This mechanism of the self-
aligning of conductive carbon nanoﬁllers in polymers offers a new
opportunity to create multi-scale structures. Since thermosetting
resins, such as epoxy resins, may typically possess a relatively low
viscosity prior to cure, the application of an electric- and/or
magnetic-ﬁeld will be able to transform the randomly-oriented
carbon-based nanoﬁllers to give a highly aligned structure. Upon
curing, the aligned nanoﬁllers will remain in place in the resulting
epoxy nanocomposite.
The alignment of CNFs [33] and CNTs [16] using an electric ﬁeld
has indeed been reported to improve the electrical conductivity of
polymers through the formation of a percolating network at
extremely low weight fractions of the added CNFs or CNTs. Khan
et al. [16] has reported an additional 30% increase in the fracture
toughness of CNT modiﬁed epoxy nanocomposites due to the
alignment of the CNTs normal to the crack growth plane using a
direct current (DC) electric ﬁeld. Although randomly aligned CNFs
have also been reported [22] to improve the fracture toughness of
nanocomposites, the effect of their alignment on the fracture en-
ergy has never been studied.
Considering that CNFs may be an excellent alternative to CNTs
due to their wide availability and lower cost [34], the present study
focuses on dual improvements in the electrical conductivity and
fracture toughness of an epoxy nanocomposite containing aligned
CNFs. The alignment is accomplished by applying an external AC
electric-ﬁeld whilst the resin is liquid prior to crosslinking. Upon
curing the epoxy resin, the resultant epoxy nanocomposite con-
tains aligned CNFs. The effects of alignment of the CNFs on the
fracture toughness and electrical conductivity of the epoxy nano-
composite are measured and theoretical modelling studies are
undertaken to quantify the increase in the fracture toughness due
to the alignment of the CNFs. The results are then compared to the
values pertinent to the unmodiﬁed epoxy and the epoxy nano-
composites containing randomly-oriented CNFs.
2. Materials and experimental methodology
2.1. Materials
The epoxy resin used was a liquid blend of bisphenol A and
bisphenol F (‘105’ fromWest System) and the hardener (‘206’ from
West System) was a blend of aliphatic amines and aliphatic amine
adducts based on diethylenetriamine and triethylenetetramine.
Commercially-available vapour-grown carbon nanoﬁbres, Pyro-
graf® e III PR-24-HHT and supplied by Applied Sciences Inc., USA,
were employed as the nanoﬁller. The CNFs had a diameter of about
70e200 nm and a length of 50e200 mm [35]. Carbon ﬁbre com-
posite substrates were manufactured using 12 plies of unidirec-
tional T700 carbon-ﬁbre/epoxy-prepreg (VTM 264 supplied by
Applied Composites Group). The substrates, with dimensions of
300 mm ! 250 mm ! 2.5 mm, were cured and consolidated in an
autoclave at 120" C for 1 h, in accordance with the manufacturer's
recommended cure process. The substrate surfaces were abraded
using 320 grit aluminium oxide abrasive paper, cleaned under
running tap water for about 2 min, degreased with acetone, and
ﬁnally cleaned with distilled water to remove any surface impu-
rities. The substrates were then used as the electrodes between
which the liquid epoxy resin mixed with the CNFs, prepared ac-
cording the procedure described below, acted as an adhesive layer.
2.2. Dispersion and in-situ alignment of the CNFs in the liquid
epoxy resin
A three-roll mill (Dermamill 100) was used to disperse the CNFs
in the liquid epoxy resin. Firstly, 1.0 wt% of the CNFs were hand
mixed with dispersion-aiding additives based upon solvent-free
acrylate copolymers, namely Disperbyk-191 and -192 (supplied
by BYK®). The dispersive surfactants that were added to the CNFs
were equal to the weight of the CNFs, resulting in a mixture of
CNFs:D-191:D-192 at weight ratio of 1:1:1. The CNF-surfactant
mixture was then added to the epoxy resin, with no curing agent
yet added, and handmixed for 5 min. This mixturewas then passed
four times through the three-roll mill at 150 rpm with varying gap
sizes. In order to achieve a homogeneous dispersion of CNFs, with
each subsequent pass the mill gap size was gradually reduced until
the smallest gap setting of 20 mm had been reached. The 1.0 wt%
CNF/epoxy mixture was then diluted by adding epoxy resin, to
achieve the desired weight fraction of CNFs (0.1%, 0.4%, and 0.7%) in
the epoxy resin. A batch of 1.6 wt% CNFs was mixed and dispersed
separately following the above procedure, due to its relatively
higher weight fraction in the epoxy resin.
To observe the AC electric-ﬁeld induced alignment of the CNFs, a
0.1 wt% CNF/epoxy resin mixture was placed on a glass slide be-
tween two parallel carbon electrodes with a 2.0 mm separation
distance. VTM264 carbon ﬁbre-epoxy prepreg strips were used as
electrodes. An AC signal generator (Tektronix CFG250) in combi-
nation with a wideband ampliﬁer (Krohnhite 7602M) was used to
apply 60 V AC at 10 kHz to generate the AC electric ﬁeld of 30 V/mm
strength. The in-situ alignment of the CNFs in the liquid epoxy resin
was observed using a Leica optical microscope. Time-lapsed images
of the CNFs were acquired using a Leica DC 300 digital camera to
observe the alignment of the CNFs in the epoxy resin. The distri-
bution of the orientation angles of the CNFs was ascertained using
the Leica image processing software.
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2.3. Joint manufacturing and testing
The surface-treated carbon-ﬁbre composite substrates
(150 ! 250 ! 2.5 mm) were placed between glass ﬁbre frames
which were used as a dam to prevent the epoxy mixture from
ﬂowing out of the joint. Spacers, 2 mm in thickness made of glass
slides, were placed at both ends of the joint to control the thickness
of the epoxy layer between the substrates. Teﬂon-coated tape about
30 mm long and 11 mm thick was placed at an approximately equal
distance between the two substrates, at one end of the joint, to act
as a crack starter. The amine-based curing agent was added to the
dispersed CNF/epoxy resin mixture and hand-mixed for approxi-
mately 5 min. This CNF-modiﬁed epoxy resin mixture was then
poured between the substrates. Such bonded joints were prepared
using the epoxy nanocomposite as the adhesive layer for six
different concentrations of CNFs (i.e. 0.0, 0.1, 0.4, 0.7, 1.0 and 1.6 wt
%). Studies were undertaken for two different orientations of the
CNFs (i.e. randomly-oriented and aligned). In order to achieve a
highly aligned network of CNFs in the through-thickness direction
of the epoxy nanocomposite layer, an AC electric ﬁeld of 30 V/mm
at 10 kHz was applied between the carbon-ﬁbre composite sub-
strates during the initial 1 h period of the curing cycle of the epoxy
resin. The epoxy resin was then cured at room temperature (i.e.
25 "C) for 48 h in total to form the epoxy nanocomposite. After this
time period, the CNF epoxy nanocomposite is referred to as ‘n
Random’ or ‘n Aligned’, where ‘n’ refers to the amount of CNF by
percentage weight of the total epoxy resin followed by the orien-
tation. The joints were then cut into 20 mmwide double-cantilever
beam (DCB) adhesively-bonded specimens. The electrical conduc-
tivity of the cured joints was tested using an impedance analyser
(HP4192A). Fig. 1 shows a schematic of the DCB specimen. A sharp
crack tip was achieved by carefully wedging the crack opening from
the tip of the Teﬂon ﬁlm. A minimum of ﬁve DCB specimens were
tested in a 10 kN Instron machine at a crosshead speed of 1 mm/
min in accordance with ISO 25217 [36]. The load versus displace-
ment curves were recorded continuously, and a travelling optical
microscope was used to observe the crack length in the epoxy
nanocomposite layer. The mode I fracture energy, GIc, was calcu-
lated based on ‘corrected beam theory’ [36]. The crack was always
found to propagate cohesively through the epoxy nanocomposite
layer itself.
3. Results and discussion
3.1. Dispersion and in-situ alignment studies
The as-supplied CNFs were in the form of agglomerates, as
shown in Fig. 2a. The use of the three-roll milling method was
efﬁcient at breaking up the agglomerates and dispersing the CNFs,
as may be seen from Fig. 2b. The diameter of the as supplied CNFs
was measured from ﬁve different SEM micrographs (see Fig. 2a)
with a total CNF population equal to 510. As shown in Fig. 2c, the
diameter distribution of the CNFs has a range from 60 nm to
200 nmwith a lognormal peak of about 95 nm. The post-dispersion
length of CNFs in the epoxy resin was measured using the Leica
image processing software. Fig. 2d shows the length distribution of
the CNFs after three-roll milling. The three-roll mill dispersion
resulted in sizes of the CNFs ranging from 2 to 50 mm, with the
majority of the CNFs having lengths of 16e24 mm. Dispersion using
ultrasonication or three-roll milling would inevitably reduce the
length of CNFs, however three-roll milling has been reported to be
less damaging [25]. Retaining a relatively long length for the CNFs
during their dispersion in the epoxy is considered to be important
for obtaining an effective toughening of the epoxy nanocomposite,
since the theoretical improvement in the fracture energy of the
epoxy, from a ﬁbre pull-out mechanism, will be proportional to the
square of half the embedded length of the CNFs [37].
The response of the CNFs in the liquid epoxy resin to the AC
electric ﬁeld was veriﬁed through in-situ optical microscopy. An AC
electric ﬁeldwith an amplitude of 30 V/mmat 10 kHzwas applied to
0.1 wt% of CNFs dispersed in the epoxy resin (i.e. containing no
curing agent). Observations using the opticalmicroscopeweremade
to measure the time to achieve alignment. Fig. 3a shows an optical
micrograph for t ¼ 0 min (i.e. before the application of the AC
electric ﬁeld) and, therefore, the CNFs are randomly-oriented. Upon
application of the AC electric ﬁeld the CNFs rotated to align in the
direction parallel to the electric ﬁeld, as shown in Fig. 3b. For a 30 V/
mm electric-ﬁeld strength, the time needed to complete the align-
ment processwas found to be about 5min; beyondwhich no further
improvement in the degree of alignment was observed. Fig. 3c
shows a comparison of the angle distribution between the
randomly-oriented CNFs (i.e. no electric ﬁeld was applied) and the
CNFs where the AC electric ﬁeld was applied for 5 min. The use of
the AC electric ﬁeld has resulted in 85% of the CNF population of
being aligned within ±15" of the applied electric-ﬁeld direction. As
shown in Fig. 4, the orientation of the CNFs was further veriﬁed
using transmission electron microscopy to view 90 nm thick slices
(obtained through ultramicrotomy) of the epoxy nanocomposite.
The alignment of the CNFs can be attributed to the dielectrophoresis
process, which is widely used for electrophoretic deposition of
particles [38]. In the dielectrophoresis process, a particle immersed
in a dielectric medium undergoes polarizationwhen subjected to an
externally applied electric ﬁeld. This arises from the difference in the
dielectric properties and the electrical conductivities between the
particle and the medium. For one-dimensional particles, such as
CNFs and CNTs, due to their shape anisotropy the longitudinal
polarizability is at least an order of magnitude greater than the
transverse polarizability [39,40]. Therefore, when subjected to an
electric ﬁeld, the difference in polarizability of the CNFs results in an
induced dipole and its interaction with the electric-ﬁeld gradient
generates a torque resulting in rotation of the long axis of CNFs, so
causing them to align along the external-ﬁeld direction [41].
3.2. Electrical conductivity studies
Fig. 5a shows a logarithmetic versus logarithmetic plot of the
electric conductivity (or speciﬁc conductance) as a function of
frequency of the epoxy nanocomposite layer in the bonded joint in
the direction normal to the substrate surfaces, i.e. in the through-
thickness direction. The ‘0.1 random’ epoxy nanocomposite (0.1
denotes the wt% of CNFs present) reveal an increase in the capac-
itive component with increasing frequency, similar to that of the
unmodiﬁed (i.e. ‘neat’) epoxy polymer. While for the ‘0.1 aligned’
case, there is always at least one order of magnitude improvement
in the conductivity below about 1 kHz, independent of the fre-
quency. This is then followed by a region of somewhat increasing
conductivity which is similar in value to that of the ‘0.1 random’
samples. A similar trend was also observed for the ‘0.4 random’
a0
2.5mm
2mm
composite
substrates
CNF modified epoxy
Fig. 1. Schematic of the double-cantilever beam (DCB) joint conﬁguration.
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epoxy nanocomposite with a frequency-independent conductivity
up to about 10 kHz. This can be explained by considering the
complex frequency dependent conductivity response of conductor-
dielectric nanocomposites that are often analysed in terms of the
resistance-capacitance (ReC) model,
sðuÞ ¼ sdc þ sac ¼ s0 þ Aun (1)
where sdc and sac are the DC and AC conductivity respectively, u is
the angular frequency, A is a constant and the exponent n is in a
range between 0 and 1 depending on the frequency range [42]. The
AC component of the conductivity corresponds to the power-law
frequency dependence and is well known for a wide range of ma-
terials which was noted by Jonscher [43] as the “Universal Dielec-
tric Response”. For each composition of nanocomposite containing
a conductive ﬁller, the above conductivity relationship is governed
by a critical frequency,uc below which the conductivity becomes
frequency-independent (i.e. DC conductivity, sdc when u/0), and
beyond which the power-law is followed. Curve ﬁtting the AC
conductivity results of the neat epoxy composite using Eq. (1), the
following values are obtained: A¼ 1.5 % 10&8 and n¼ 1.0, as shown
in Fig. 5a. It is interesting to note that Eq. (1) with these two values
is in good agreement with the other loadings of CNFs. The
appearance of a DC plateau for the ‘0.1 aligned’ and ‘0.4 random’
samples below their critical frequencies of 1 kHz and 10 kHz,
respectively, indicates a transition from an insulating to a con-
ducting regime, which reﬂects the formation of some percolating
CNF networks. However, for the ‘0.1 random’ sample, the absence of
the DC plateau region indicates that the conductivity is dominated
entirely by the dielectric property of the epoxy. By contrast, the
conductivity of ‘0.4 aligned’ samples is signiﬁcantly higher than
that of the ‘0.4 random’ samples and is independent of the fre-
quency over the complete range of frequencies that were investi-
gated. This indicates that the conductivity of the ‘0.4 aligned’
nanocomposite is dominated by the conductor (i.e. the CNF net-
works) for most part. With further increases in the concentration of
CNFs, the conductivity was found to be frequency-independent for
both the randomly-oriented and the aligned nanocomposites, and
increased to a maximum value of 10&2 S/m for the ‘1.6 aligned’
epoxy nanocomposite. The measured increase in the DC conduc-
tivity of the epoxy as a function of the weight fraction of CNFs is
shown in Fig. 5b.
From these results, the increases in the conductivity suggest that
a network of percolated nanoﬁbres formed at a concentration of
CNFs above about 0.7 wt% when they were randomly-oriented.
However, the application of the AC electric ﬁeld during the curing
of the epoxy resin resulted in alignment of the CNFs and it appears
that the percolation network now formed at a concentration of
Fig. 2. (a) SEM micrograph of the as supplied CNF and (b) optical micrograph of the epoxy resin/0.1 wt% CNF mixtures after three-roll mill dispersing; (c) diameter probability
density function of the as supplied CNFs measured from SEM micrograph and (d) length probability density function of the CNFs after the three roll-milling dispersion process from
Fig. 2b.
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CNFs of about 0.4 wt%. A comparison of these results with the DC
conductivity of these nanocomposites gave identical results.
Indeed, the advantage of aligning the CNFs in the epoxy nano-
composites is clearly apparent from the ‘0.7 aligned’ samples,
which had a higher conductivity than the ‘1.0 random’ samples.
However, for the 1.6 wt% samples, the increase in the conductivity
of the epoxy nanocomposites due to the alignment of CNFs was
minimal. This is attributed to the lack of free space available for the
Fig. 3. In-situ alignment of 0.1 wt% CNFs in the epoxy resin using the AC electric ﬁeld (a) t ¼ 0 min (i.e. randomly-oriented CNFs) and (b) t ¼ 5 min (i.e. aligned CNFs), the direction of
the applied AC electric ﬁeld is indicated by the arrow; (c) comparison of the angle distribution of the randomly-oriented CNFs (from Fig. 3a) and the CNFs aligned after being
subjected to the AC electric ﬁeld for 5 min (from Fig. 3b).
Fig. 4. TEM images of the epoxy nanocomposites. (a) 0.7 wt% of CNFs and randomly-oriented. (b) 0.7 wt% of CNFs and aligned via the application of the AC electric ﬁeld for
5 min (The arrows indicate the direction of the applied AC electric ﬁeld.) Inset shown in (b) gives a detailed view of CNF.
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CNFs to rotate in the direction of the electric ﬁeld due to the
resistance from the interaction between closely packed CNFs [44]
and the likely formation of CNF agglomerates in the epoxy at
these relatively high weight fractions of CNFs.
3.3. Fracture energy studies
As shown in Fig. 6, the applied load versus crack opening
displacement curves for the DCB tests with the adhesive layer
comprising of unmodiﬁed epoxy or epoxy nanocomposites con-
taining randomly-oriented or aligned CNFs all revealed that the
type of crack growth was unstable, i.e. stick-slip, in nature, with the
distinct “saw-tooth” shaped load versus displacement curves
typical of such failure. The maximum peak loads of these curves
corresponded to the onset of crack growth, while the lower values
of load corresponded to the arrest of the fast propagating crack. For
the DCB specimens with a higher weight concentration of CNFs in
the epoxy nanocomposite layer, the length of the unstable crack
growth was much greater, due to the higher maximum loads for
crack propagation that were attained. Therefore, the load versus
displacement curves for these samples had fewer peaks. The values
of GIc for the onset of crack propagation were calculated using the
maximum loads that were measured [35]. The locus of failure was
along the centre of the unmodiﬁed (i.e. neat) epoxy polymer or
epoxy nanocomposite layer in all cases.
The results of the fracture toughness tests of the DCB tests with
the adhesive layer comprising of unmodiﬁed epoxy or epoxy
nanocomposites containing randomly-oriented or aligned CNFs are
shown in Fig. 7. The average mode I fracture energy, GIc, of the
unmodiﬁed epoxy layer for the DCB joint was found to be 134 J/m2,
as would be expected for a relatively brittle epoxy. An increase in
the value of the fracture energy was observed for all the epoxy
nanocomposites. For the nanocomposites, the fracture energy in-
creases almost linearly with the concentration of CNFs. In addition,
a somewhat greater improvement in the fracture energy was
consistently measured for samples containing aligned CNFs, with
their orientation of course normal to the direction of crack growth.
The ‘1.6 aligned’ specimen showed the highest improvement, with
a sixteen fold increase in the fracture energy compared to the un-
modiﬁed epoxy. Further, compared to the nanocomposites con-
taining randomly-oriented CNFs, the alignment of the CNFs
resulted in a consistent rise of about an additional 25% increase in
the fracture energy for the concentrations investigated at, and
below, 1.0 wt%. However, a further increase in the concentration of
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Fig. 5. (a) Electrical conductivity of the epoxy nanocomosites as a function of frequency. (a) AC conductivity as a function of frequency; all solid lines are calculated from Equation
(1). (b) DC conductivity as a function of CNF concentration for both randomly-oriented or aligned CNFs in the epoxy nanocomposites; the lines represent a linear ﬁt. (Note: The
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Fig. 6. Load versus displacement curves for the epoxy nanocomposites containing different concentrations of CNFs and for both randomly-oriented or aligned CNFs in the epoxy
nanocomposite layer.
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the CNFs to 1.6 wt% showed a relatively small difference between
the fracture energies of the aligned and randomly-oriented CNF
nanocomposites which was not statistically signiﬁcant. Similar
observations have been reported for CNT/epoxy nanocomposites at
relatively high concentrations of CNTs, and were suggested to be
due to the lack of free space available for the rotation and alignment
of the CNTs in the epoxy when a relatively high concentration of
nanoﬁller was present [16]. The toughening mechanisms respon-
sible for these observed improvements in the measured toughness
are discussed in the following section.
3.4. Toughening mechanisms
Post-failure examination of the fracture surfaces of the DCB
samples gave an insight into the toughening mechanisms respon-
sible for the improvements in the fracture energy of the epoxy
nanocomposites. A typical featureless and smooth fracture surface
was observed for the unmodiﬁed epoxy which was indicative of a
very brittle fracture. Fig. 8 shows a photograph of the fracture
surface for a nanocomposite sample where the regions of crack
initiation and arrest are visible as curved lines across the width of
the sample. In the epoxy layer of the DCB test, crack growth
occurred under predominantly plane-strain conditions but with
plane-stress conditions at the specimen edges of the specimen,
causing the curved proﬁle of the crack front. There is a distinct
whitening of the polymer along these crack initiation/arrest lines.
Examination of these regions using the SEM revealed a pattern of
tear marks, which provides evidence of plastic deformation in the
epoxy polymer along the line of crack initiation, which would have
occurred immediately before the onset of the rapid growth of the
crack. Further away from the stress-whitened regions, where the
crack had propagated rapidly, there was very little evidence of
ductile, plastic deformation, and the glassy fracture surface was
representative of a very brittle fracture having occurred.
Fig. 9 shows SEM micrographs of the stress-whitened region
which correspond to the location of the onset of crack growth (i.e.
the crack initiation location, see the inset in Fig. 8) in the epoxy
nanocomposites containing different concentrations of aligned
CNFs. Patterns of tearmarks were observed inmost of these images,
revealing the plastic deformation of the epoxy that had occurred in
the stress-whitened regions, either just ahead of the crack tip or
due to some extent of slow crack growth occurring prior rapid crack
growth taking place. The size and roughness of the stress-whitened
region both increased with CNF concentration. The increase in the
severity of the tear marks and the roughness with increasing CNF
concentration is indicative of the increased plastic deformation of
the epoxy in the process zone ahead of the crack tip due to the
presence of the CNFs. As shown in Fig. 9, a signiﬁcant number of
CNFs were pulled out of the epoxy, leaving behind a void on the
opposite crack surface. The areal density of the pulled-out regions
of the CNFs increased with the increasing concentration of aligned
CNFs. Moreover, some of the CNFs showed evidence of having
experienced uncoiling and a cup-cone type of failure. This uncoiling
phenomenon is unique to CNFs due to their stacked graphene cup
morphology [22], which has been previously observed using TEM,
revealing an uncoiled nanoribbon of graphene sheet [45]. The
uncoiling and cup-cone type failure of CNFs was observed for both
aligned and randomly-oriented CNF epoxy nanocomposites. How-
ever, the ﬁbre pull-out mechanism is typically the most dominant
mechanism in increasing the fracture energy [2]. The increase in
the fracture energy during pull-out is due to the work of friction by
the interfacial shear stress between the CNFs and the epoxy poly-
mer. During this pull-out process the CNFs also formed a bridging
zone behind the crack tip. This is evident from SEM observations of
the crack bridging by CNFs, as shown in Fig. 10. The average length
of the CNFs bridging the crack at its maximum opening displace-
ment was about 8 mm. The bridging density of the CNFs decreased
with decreasing concentration of CNFs, with almost no bridging
being observed for the 0.1 wt% CNF epoxy nanocomposite samples.
In order to pull-out and bridge the crack, the CNF must ﬁrstly
debond from the epoxy. The strain energy absorbed in overcoming
the adhesion of the epoxy/CNF interface during the debonding
process would also increase the fracture energy, but to a lesser
extent. If the interfacial bond strength exceeds the strength of the
nanoﬁbres, the CNFs would rupture prematurely before pull-out
occurred. However, the rupture of the CNFs would result in
smaller improvements in the values of the fracture energy, since
the strain energy consumed during ﬁbre rupture is reported to be
signiﬁcantly lower than that pertinent to pull-out [46].
Further, a signiﬁcant number of relatively large voids are present
around the CNFs (see Fig. 9cef) and are indicative of plastic void
growth of the epoxy polymer in the process zone, which leads to an
additional increase in the fracture energy, compared to the un-
modiﬁed epoxy. This arises because in the process zone ahead of
the crack tip, where a triaxial stress-ﬁeld exists, the CNFs debond
from the epoxy as the local stresses increase at the crack tip. The
debonded CNFs act as voids in the epoxy which allows the polymer
to deform plastically, and so the voids increase in size. For rubber-
and nanosilica-toughened epoxies, this plastic void growth mech-
anism has been shown to signiﬁcantly increase the fracture
toughness of the material [23,47].
Therefore, the aggregate increase in the fracture energy of the
epoxy due to the addition of the CNFs is considered to be a com-
bination of the energy dissipated by (a) the frictional energy
associated with the CNFs now pulling-out from the epoxy, (b)
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Fig. 7. Values of the fracture energy, GIC, for the epoxy nanocomposites containing
different concentrations of CNFs and for both randomly-oriented or aligned CNFs in the
epoxy nanocomposite layer.
Fig. 8. Photograph of the crack fronts on the fracture surface of an epoxy nano-
composite with 1.0 wt% aligned CNFs.
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rupture of CNFs, (c) interfacial debonding of the CNFs from the
epoxy, and (d) void growth of the epoxy which initiates from the
hole created by the debonded CNFs.
Considering the alignment of the CNFs perpendicular to the crack
path in the nanocomposites, such alignment of the CNFs would lead
to a higher fraction of CNFs participating in the above toughening
mechanisms. For a random orientation of CNFs in the epoxy, the
probability of the crack front encountering the CNFs depends on
their orientation angle. For short ﬁbre composites with a random
ﬁbre orientation, this probability is given by cosq (refer to Fig. 4 for
the orientation axes), and for an orientation angle above 60! the
probability is less than 50% [27,48]. This would lead to a lower
fraction of CNFs involved in the pull-out, bridging and rupturing
mechanisms for the epoxy nanocomposites containing the
randomly-oriented CNFs. This is clearly evident for the randomly-
oriented materials, as is shown in Fig. 11a, where a greater num-
ber of CNFs which were oriented parallel to the crack path have
undergone debonding but without participating in the pull-out or
void growth toughening mechanisms. While for the aligned epoxy
nanocomposites, as shown in Fig. 11b, almost all the CNFs have now
undergone debonding and pull-out, and hence led to the void
growthmechanism being operative. In addition, if aligned normal to
the direction of crack growth, the CNFs are far more likely to bridge
the crack faces and undergo tensile rupture as the crack tip ad-
vances, as may be seen from comparing Fig. 10c and d.
3.5. Theoretical modelling of the fracture energy
As discussed in the previous section, the primary toughening
mechanisms in the epoxy nanocomposites based on the
Fig. 9. SEM images of the crack initiation region of the fracture surfaces for the epoxy nanocomposites containing aligned CNFs of concentration; (a) 0.1 wt%; (b) 0.4 wt%; (c) 0.7 wt
%; (d) 1.0 wt%; (e) 1.6 wt% and (f) is of the inset of (d) at a higher magniﬁcation for the 1.0 wt% nanocomposite.
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fractographic evidence were debonding and pull-out of the CNFs,
plastic void growth of the epoxy initiated by the voids formed by
the CNFs debonding and the CNFs bridging and ﬁnally rupturing
across the crack faces behind the advancing crack tip. Assuming the
application of continuum mechanics is valid at the nanoscale and
the interfacial stress being constant [15,49], the energy dissipated
by ﬁbre pull-out based on the conventional expression from Hull
[50] and Cottrell-Kelly [see 2] is given by:
DGpull­out ¼
Npopdftil2po
2
(2)
where lpo is the nanoﬁbre pull-out length, df is the diameter of the
CNF, ti is the interfacial shear strength and Npo is the total number
of nanoﬁbres per unit area of crack surface. Npo is related to the
volume fraction, Vfpo, of CNFs which are pulled-out from the epoxy:
Npo ¼ nanofibre volumevolume per nanofibre ¼
lfVfpo
lfAf
¼ Vfpo
Af
(3)
where Af is the nanoﬁbre cross-sectional area and lf is the nanoﬁbre
length. For a given weight fraction of CNFs in the epoxy, not all of
the CNFs are involved in the pull-out process. Therefore, the vol-
ume fraction of CNFs pulled-out from the epoxy Vfpo has been
determined by counting from the SEM micrographs the number of
CNFs on the fracture surface. A total of sixteen SEM micrographs
were used per sample type to determine the CNF pull-out volume
fraction. Previous studies have successfully demonstrated the use
of a similar approach to analytically calculate the strength [51] and
Fig. 10. SEM images of CNFs bridging the crack in epoxy nanocomposites. (a) ‘0.4 random’; (b) ‘0.4 aligned’; (c) ‘0.7 random’; and (d) ‘1.0 aligned’.
Fig. 11. Comparison of the pull-out of CNFs in the epoxy nanocomposites for (a) ‘1.0 random’ and (b) ‘1.0 aligned’ samples.
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toughness [15] of CNT containing polymer composites. (Note: the
CNF pull-out count from the fracture surfaces also includes the
voids left behind by the CNFs pulled-out onto the opposite crack
face). Substituting Eq. 3 into 2 gives:
DGpull­out ¼
2Vfpotil2po
df
(4)
The CNF pull-out length is difﬁcult to determine with accuracy
from SEM images of the fracture surfaces, particularly for samples
with a relatively high volume fraction of CNFs. Also, relatively long
CNFs are expected to rupture at the crack plane, since their
embedded lengths on either side of the crack plane are long enough
for the stress in the CNF to build up sufﬁciently to break them. Two
outcomes are possible depending on the length of the embedded
CNFs: (a) the CNFs pull-out when the length is shorter than the
critical length given by the classical Kelly-Tyson [2,52] formula i.e.
lc¼ sfdf/2ti, or (b) the CNFs rupturewhen their length is longer than
the critical length. The longest possible pull-out length of the CNFs
is equal to half the critical length of the CNFs embedded in the
nanocomposites as given by the Kelly-Tyson formula:
lpo ¼ sfdf4ti
(5)
where sf is the nanoﬁbre strength. Substituting Eq. 5 into 4 gives
the estimate of the pull-out energy in terms of the inherent prop-
erties of the nanocomposite as follows:
DGpull­out ¼
Vfpos2f df
8ti
(6)
Awide range of values for the interfacial shear strength between
CNFs and epoxies have been reported in the literature, [53,54].
However, the maximum possible interface strength between the
epoxy and CNFs is limited by the shear strength of the epoxy
polymer. From Table 1 the shear strength of the epoxy polymermay
be taken to be half that of the tensile yield strength using Tresca
yield criterion, giving a value of 25 MPa. This value is used to es-
timate the contribution to the fracture energy from pull-out of the
CNFs.
The contribution to the fracture energy due to CNF bridging is
from the energy required to pull-out the bridging CNFs from the
epoxy, and is therefore accounted by DGpull"out [46]. Whereas, the
energy contribution due to the elastic deformation of the CNFs
prior to rupturing, whether in the plastic zone ahead of the crack
tip or in its wake, is given by Ref. [27]:
DGrupture ¼
Vfposf lf εmax
2
¼ Vfpos
2
f lf
2 Ef
(7)
where Ef and εmax are the Young's modulus and the tensile failure
strain of the CNFs, respectively.
The CNFs undergo debonding prior to the pull-out process. The
interfacial debonding of the CNFs is an essential process because it
allows them to pull-out and initiates plastic void growth of the
epoxy around the hole so created. The interfacial debonding energy,
DGdb, is given by Refs. [15,50]:
DGdb ¼
Vf lpoGi
df
(8)
where Gi is the interfacial fracture energy between the CNFs and
the epoxy. Ozkan et al. [53]. measured the interfacial fracture en-
ergy between CNFs and an epoxy polymeric matrix to be 3.3 J/m2,
and this value was used in the present study.
In addition to the CNF pull-out mechanism, the plastic void
growth of the epoxy matrix promoted by debonding of CNFs from
the epoxy matrix would further increase the fracture energy. In
previous studies [23,47], the plastic void growth mechanism was
quantitatively shown to signiﬁcantly improve the fracture tough-
ness of a nanosilica modiﬁed epoxy polymer. Huang and Kinloch
[55] have shown that the fracture energy, DGv, contribution from
the plastic void growth mechanism can be calculated as follows:
DGv ¼
!
1þ mmﬃﬃﬃ
3
p
#2$
Vvoid " Vfpo
%
syryuK2vm (9)
where Vvoid is the volume fraction of the voids and mm is a material
constant allowing for the pressure dependency of the yield stress.
The parameter Kvm is the maximum stress concentration for the
vonMises stresses around a debonded CNF, which lies between 2.11
and 2.12 [15]. The parameters sy and ryu are respectively the tensile
yield stress and the plastic zone size at fracture of the unmodiﬁed
epoxy. The plastic zone size is given by:
ryu ¼ 16p
EmGCU&
1" v2's2y (10)
where Gcu is the fracture energy, Em is the tensile modulus and v is
the Poisson's ratio of the unmodiﬁed epoxy polymer. Each void is
assumed to be a truncated cone with the smaller diameter equal to
the diameter of the CNFs and the larger void diameter is deter-
mined from the SEM micrographs which has a varying distribution
depending on the size of the CNFs. In the present study the void
diameter was estimated from SEM micrographs to be approxi-
mately seven times the diameter of the CNFs aroundwhich the void
Table 1
List of values for the various parameters used in the analytical modelling study.
Parameter Symbol Unit Value Source
CNF diameter df nm 135 [35]
CNF average length after dispersion lf mm 20 This study
CNF strength sf GPa 8.7 [35]
Young's modulus of the CNF Ef GPa 320 [56]
Density of the CNF rf kg/m3 1400 [35]
Density of unmodiﬁed epoxy rm kg/m3 1011 [57]
CNF/epoxy interface fracture energy Gi J/m2 3.3 [53]
Tensile yield strength of unmodiﬁed epoxy sy MPa 50.5 [57]
Young's modulus of unmodiﬁed epoxy Em GPa 3.17 [57]
Pressure dependent yield stress constant mm e 0.2 [55]
Maximum von Mises stress concentration Kvm e 2.11 [15]
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are formed. In other words, Vvoid ¼ 16Vfpo in the present case.
Therefore, the fracture energy, GIc, of the CNF toughened epoxy can
be expressed as:
GIc ¼ GCU þ DGrupture þ DGpull­out þ DGdb þ DGv (11)
The above model is used to estimate the fracture energy
improvement by considering an average CNF diameter equal to
135 nm as supplied by the manufacturer [53].
Equations (6), (8) and (9) show that the energy contributions
due to CNF pull-out, debonding and epoxy void growth depend
strongly on the diameter of the nanoﬁbres. The probability density
function of CNF diameter is shown in Fig. 2c. The 135 nm diameter
value provided by the manufacturer corresponds to the median of
this distribution. By accounting for the distribution of the CNF
diameter, the total fracture energy can be expressed in terms of the
diameter probability function r(df):
GIc ¼ GCU þ DGrupture þ
Zdmax
dmin
!
DGpull­out þ DGdb þ DGv
"
r
!
df
"
ddf
(12)
where DGrupture is independent of the CNF diameter as can be seen
from Eq. (7). The fracture energy modelling results are calculated
from the experimentally-determined values of Vfpo for the random
and aligned nanocomposite, apart from the ‘1.6 aligned’ nano-
composite. Due to the relatively high concentration of CNFs in the
1.6 wt% nanocomposite, it is excessively time consuming to count
the number of CNFs pulled out on the crack surface.
The fracture energy is also calculated by assuming all the CNFs
are pulled out, hence Vfpo ¼ Vf. The Vf is estimated from the CNF
weight fraction by considering the graphitic CNF wall density to be
1400 kg/m3 [35]. This approach assumes that all the CNFs in a unit
volume of epoxy are intersected by the advancing crack. The values
of all the input parameters used to calculate the fracture energy of
the epoxy polymers containing the CNFs are given in Tables 1 and 2
Model predictions and comparison with experimental results are
presented in the following section.
3.6. Results of theoretical models
Fig. 12 shows the results from the theoretical modelling studies
compared to the experimentally measured values of GIc. The ﬁgure
shows two curves calculated using the model assuming that the
CNFs have the mean diameter (Eq. (11)) or the diameter varies
according to the probability density function (Eq. (12)). The
toughness values are slightly higher when it is assumed that all the
CNFs have the same (mean) diameter. Good agreement can be seen
between the experimental results and the predicted fracture en-
ergies which supports the primary toughening mechanisms which
have been proposed for the epoxy polymers modiﬁed using
randomly-oriented or aligned CNFs. The CNF pull-out and the
epoxy void growth were the two most dominant toughening
mechanism, accounting for the majority of the fracture energy
enhancement for all the epoxy nanocomposites.
Table 3a shows a comparison of the highest fracture toughness
improvements that have been reported in the literature for CNT
and CNF modiﬁed epoxies against the nanocomposites studied
here. It is noteworthy that the toughness improvements achieved
in the present study are many times higher than those reported
previously. These variations in the enhancement of the fracture
energy may be mainly explained by the differences in the length of
the CNFs, and its effect on the fracture energy due to pull-out of
the CNFs as given by Eq. (4). For example, if the CNF length is
reduced to 6 mm, as was the case in the study by Palmeri et al. [22],
the fracture energy due to pull-out will be greatly reduced. In
order to obtain a better estimate for such an effect, and for the
purpose of comparison between the two studies, it has been
assumed that the volume fraction of CNFs that are pulled-out is
only dependent on the concentration of CNFs and is independent
of the length. On this basis, for the 0.7 wt% of random CNF
nanocomposite studied by Palmeri et al. [22], assuming that all the
modelling parameters (besides the value of the nanoﬁbre length,
lf) are similar in value to those used in the present work, the ex-
pected improvement in the value of the fracture energy, as given
by Eq. (11) with a CNF length equal to 6 mm, would be about 116%.
This is very similar to the measured improvement reported in
their study, see Table 3a. The improvements in the fracture energy
of epoxy polymer containing CNFs reported in some other studies
can be similarly estimated and the data are given in Table 3b
where the matrix properties are taken from Ref. [58]. Using Eqs.
(11) or (12) and the relevant data in Tables 1 and 3b, the proposed
model gives a reasonable estimate for the measured values of GIc
reported previously in the literature, as may be seen from Table 3a.
It is also clear that the improvement in the fracture energy of the
epoxy due to the addition of the CNFs or CNTs is strongly
dependent on the dimensions of the nanoﬁller, especially the ﬁbre
length. Thus, the use of longer CNFs, as in the present study, would
indeed be expected to lead a better enhancement in the fracture
energy of the epoxy nanocomposites.
4. Conclusions
The fracture energy and electrical conductivity of a thermoset
epoxy polymer modiﬁed by the addition of carbon nanoﬁbres
(CNFs) have been investigated. The CNFs were dispersed in a liquid
epoxy resin using a surfactant and then processed employing a
three-roll mill to give a good degree of dispersion with the ma-
jority of the CNFs having lengths of between 16 and 24 mm. An AC
electric ﬁeld has been found to be very effective in aligning CNFs
to form a chain-like structure in epoxy with the majority (85%) of
the CNFs lying within ±15# of the applied electric ﬁeld. The
alignment of 0.4 wt% of CNFs in the epoxy nanocomposite led to
the formation of a percolating network of CNFs which yielded a
measurable DC conductivity, while simultaneously increasing the
average fracture energy, GIc, from 134 J/m2 to 453 J/m2, compared
to the unmodiﬁed epoxy polymer. The highest increases in
toughness and conductivity were for the epoxy nanocomposites
containing 1.6 wt% of aligned CNFs. The fracture energy and the
electrical conductivity of this nanocomposite were increased by
about 1600% (from 134 to 2345 J/m2) and seven orders of
magnitude above the unmodiﬁed epoxy. When compared to
randomly-oriented CNFs, the alignment of the CNFs resulted in a
27% increase in the fracture energy and about a ﬁve-fold increase
in the electrical conductivity at 1.0 wt% of CNFs. The main
toughening mechanisms which led to the increase in the fracture
Table 2
Measured values of the volume fraction, Vfpo, of CNFs which are pulled-out from the
epoxy and the volume fraction, Vvoid, of the voids formed around the debonded
CNFs.
CNFs (wt%) Vf (%) Vfpo (%) Vvoid (%)
Aligned Random Aligned Random
0.1 0.08 0.02 0.01 0.32 0.23
0.4 0.33 0.23 0.18 3.99 3.34
0.7 0.58 0.53 0.43 9.39 8.12
1.0 0.82 0.78 0.63 13.76 11.91
1.6 1.31 e e e e
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energy for the nanocomposites were identiﬁed to be (a) interfacial
debonding of the CNFs from the epoxy, (b) the energy associated
with the pull-out of CNFs from the epoxy, (c) void growth of the
epoxy which initiates from the hole created by the debonded
CNFs, and (d) the rupturing of CNFs. The alignment of CNFs
perpendicular to the crack path generally led to a higher fraction
of CNFs participating in the above toughening mechanisms, and
thus accounted for the relatively higher values of GIc typically
measured for these nanocomposites, compared to those contain-
ing randomly-oriented CNFs.
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The increasing demand for multifunctional polymer nanocomposites calls for new technologies to simul-
taneously enhance mechanical, electrical, and thermal properties. This paper presents the use of an
alternating-current electric field to align graphene nanoplatelets (GnPs) in an epoxy polymer.
Theoretical modeling of the alignment process has identified the key parameters that control the rotation
and chain-formation of the GnPs. Experimental results reveal that the resulting nanocomposites exhibit
anisotropic properties with significantly improved electrical and thermal conductivities in the alignment
direction, and dramatically increased fracture toughness when the GnPs are aligned transverse to the
crack growth direction. In particular, compared to the unmodified epoxy polymer, the alignment of the
GnPs yields up to about 7–8 orders of magnitude improvement in the electrical conductivity, up to
approximately 60% increase in the thermal conductivity, and up to a nearly 900% increase in the mode
I fracture toughness. The dramatic improvement in the fracture toughness is attributed to multiple intrin-
sic and extrinsic toughening mechanisms including microcracking, pinning, deflection and branching of
the crack, and rupture and pull-out of the GnPs. Such major improvement in the toughness arises from
GnPs being transversely aligned to the crack growth direction exhibiting increased interactions with
the advancing crack tip.
! 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction
Improving the structural and functional properties of polymers
and polymeric composites has been recognised as a key to dramat-
ically increase their wide applications. Graphene shows great pro-
mise as a nanofiller in polymer composites due to its high physical
aspect ratio, high strength and Young’s modulus, and excellent
thermal and electrical conductivities [1]. Substantial property
improvements can be achieved using various graphene-based
materials, such as graphene oxide (GO) [2,3], thermally expanded
or reduced graphene [4,5], graphene foam [6], non-covalently func-
tionalized graphene flakes [7] etc., even when such materials are
used at low concentrations in the polymer. For instance,
Stankovich et al. showed that by using graphene at a volume con-
tent as low as !0.1 vol% an electrical percolation threshold could
be reached within polystyrene [2]. Rafiee et al. showed that
thermally exfoliated graphite oxide provided 53% additional
increase in the mode I fracture toughness of an epoxy nanocom-
posite compared to single- or multi-walled carbon nanotubes [3].
Song et al. recently developed epoxy/graphene nanocomposites
with remarkably enhanced thermal conductivities (e.g.
1.53 W/mK) using 10 wt% of 1-pyrenebutyric acid functionalized
graphene flakes [7].
However, the property improvements achieved so far using
such carbon nanofillers are still much lower than the theoretical
predictions because a variety of factors have not yet been opti-
mised. Such factors include the degree of dispersion and exfolia-
tion, and critically, the orientation of the nanoplatelets [8].
Different approaches have been reported for orienting carbon
nanofillers, based mainly on employing mechanical stretching
[9], an electric field [10–15], and a magnetic field [16–18]. The
use of an electric field has been reported to align carbon nanotubes
[10,11], carbon nanofibers [12,13], and carbon black [14] to
improve the electrical conductivity and mechanical properties of
polymer nanocomposites. Recently, Kim et al. developed epoxy
http://dx.doi.org/10.1016/j.carbon.2015.07.026
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nanocomposites with graphite aligned along the
alternating-current (AC) electric field direction and found that
these materials had anisotropic tensile modulus and strength
[19,20]. Chen et al. prepared polyester resin nanocomposites with
graphite nanosheets oriented along the applied AC electric field,
and found that the electrical conductivity was greatly increased
in the alignment direction [21–23]. In spite of these studies, very
limited research has been reported on the mechanisms of aligning
graphene nanoplatelets (GnPs) in polymers under an external elec-
tric field and its efficiency in improving the fracture toughness, as
well as the electrical and thermal properties of the resultant
nanocomposites.
Epoxy thermosets represent an important class of polymers due
to their versatility and are widely used as coatings, electric
encapsulates, fiber-optic sheathing, adhesives and matrices for
fiber-reinforced composites, etc. However, their high degree of
crosslinking makes them intrinsically brittle and prone to damage,
thus holding back their increased application in aerospace, auto-
motive and advanced electric applications [24]. Moreover, their
extremely low thermal and electrical conductivities greatly limit
their applications that demand good dissipation of heat and static
electricity [6,7]. Furthermore, the low through-thickness electrical
conductivity of fiber-reinforced epoxy composites, which is domi-
nated by the polymeric matrix phase, makes such composite struc-
tures vulnerable to lightning strikes and unable to prevent
electrostatic accumulation [25]. The low electrical conductivity
also hinders the diagnosis of damage by electrical-based tech-
niques, such as the eddy-current technique. Therefore, improving
the electrical conductivity, thermal conductivity and fracture
toughness of epoxy polymers is of major practical importance.
The present paper describes a technique to align GnPs in an
epoxy by applying an AC electric field and focuses on experimental
and theoretical investigations of the effects of alignment on the
electrical and thermal conductivities, and fracture toughness of
the epoxy nanocomposites. To the best of our knowledge, there
is no report on (a) the mechanisms controlling the alignment of
GnPs in an epoxy by an AC electric field and (b) the effects of align-
ment on the electrical and thermal conductivity, and fracture
toughness of the resulting epoxy nanocomposites. The nanoplate-
lets used have a carbon-to-oxygen atomic ratio of 93-to-7 and an
average platelet size and thickness of about 25 lm and 8 nm,
respectively. Firstly, the electromechanical mechanisms control-
ling the rotation and chain formation of GnPs are investigated.
Then, the improvements arising from the GnPs (both aligned and
randomly-oriented) of different volume contents in the properties
of the epoxy polymer are measured and compared. Finally, the
mechanisms by which the GnPs improve these properties are
investigated.
2. Experimental
2.1. Materials
The GnPs used in the present study were obtained from XG
Science, having an average thickness of approximately 6–8 nm
and an average particle diameter of 25 lm. The C:O ratio was
determined to be 93:7 by using X-ray photoelectron spectroscopy
(XPS) performed employing a Thermo K-alpha XPS instrument. The
liquid epoxy resin (‘105’) and hardener (‘206’) were supplied by
WEST SYSTEM!. The liquid epoxy resin used was a blend of bisphe-
nol A and bisphenol F. The liquid hardener employed was a blend
of aliphatic and aliphatic amine adducts based upon diethylenetri-
amine and triethylenetetramine. The carbon-fibre epoxy compos-
ite substrates were manufactured from T700 carbon-fibre/epoxy
prepreg (‘VTM 264’) supplied by Applied Composites Group.
Twelve plies of this unidirectional prepreg, with dimensions of
300 mm ! 250 mm ! 2.65 mm, were used to fabricate the sub-
strates by curing in an autoclave at 120 "C and an overpressure
of 98 kPa for 1 h.
2.2. Bulk epoxy nanocomposites fabrication
Epoxy nanocomposites with contents of 0.27, 0.54, 0.81, and
1.08 vol% of GnPs were fabricated by combining sonication and cal-
endaring processes. The GnPs was first mixed with the liquid epoxy
resin using a Hielscher UP200S ultrasonic homogenizer (operated
at 0.5 cycles and 50% amplitude) for 30 min, which broke-up the
graphene agglomerates. The mixture was then further processed
by a three-roll mill (Dermamill 100) ten times at 150 rpm with a
roller-gap distance of 20 lm. After this dispersion process, a stoi-
chiometric amount of hardener was added. This mixture was then
degassed and poured into a custom-made silicon rubber mold. The
GnPs were aligned by using an AC electric field (25 V/mm, 10 kHz)
supplied by an AC signal generator (Tektronix CFG250) in combina-
tion with a wideband amplifier (Krohnhite 7602 M). Two alu-
minum plates were used as the electrodes and a spacer was
placed between them to prepare samples of required dimensions
for the various tests. Fig. S1a in Supporting information illustrates
the experimental apparatus for aligning the GnPs in the epoxy
resin/GnPs/hardener mixture during curing.
2.3. Double-cantilever beam (DCB) specimen fabrication
The surfaces of the carbon-fibre epoxy composite substrates
used for the DCB samples were grit-blasted and thoroughly
degreased with acetone to promote strong bonding with the
unmodified epoxy and the epoxy nanocomposites. A dam made
of silicon rubber was placed between the two substrates to prevent
the liquid epoxy resin mixtures from flowing out. Spacers (2 mm
thick) made of two glass slides were placed between the substrates
to control the bond-line thickness. A sharp pre-crack at the
mid-plane of the epoxy layer was created using a ‘Teflon’ film
(50 lm thick) placed between the two glass slides. The
epoxy/GnPs/hardener mixtures were prepared following the pro-
cedure described above and then poured between the substrates.
To align the GnPs in the through-thickness direction of the epoxy
layer (i.e. transverse to the subsequent direction of crack growth),
the carbon fibre-epoxy composite substrates (which are electri-
cally conductive) were used as the electrodes. An AC electric field
of 25 V/mm at 10 kHz was applied between the substrates during
the initial one hour of curing at room temperature. The epoxy layer
was further cured at room temperature (25 "C) for 48 h.
To prepare DCB specimens with the GnPs aligned parallel to the
subsequent crack growth direction, bulk epoxy/GnPs nanocompos-
ites (2 mm thick) were prepared following the procedures given in
Section 2.2, but with the AC electric field applied across the width
of the nanocomposite. These nanocomposites were then
adhesively-bonded to the carbon-fibre epoxy composite substrates
using an aerospace adhesive (Huntsman Araldite! 420 A/B). During
the DCB fracture tests, the crack propagated in the epoxy
nanocomposite layer, parallel to the alignment direction of the
GnPs.
2.4. Investigation on the alignment of the GnPs
A Leica optical microscope was used to observe the response of
the GnPs in the liquid epoxy resin to the AC electric field. A liquid
epoxy resin/GnPs mixture, containing 0.054 vol% of GnPs, was
placed on to a glass slide. Two parallel aluminum tapes were used
as the electrodes to apply the AC electric field. The time-lapse
images were acquired using a Leica DC 300 digital camera.
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Furthermore, the orientation of the GnPs in the (cured) epoxy
nanocomposites was investigated using a JEOL JEM 1010 transmis-
sion electron microscope (TEM) operated at 100 kV. TEM samples
were prepared by cutting the epoxy nanocomposites into ultrathin
sections of !70 nm thick with a diamond knife using a Leica EM
ultramicrotome. Scanning electron microscopy (SEM) analysis
was performed using a FEI Nova NanoSEM operated at 15 kV and
5 mm working distance. For the SEM studies, the specimens were
cryogenically fractured in liquid nitrogen and then
surface-coated with a thin layer of gold prior to observation.
2.5. Characterization
The electrical conductivity was measured
through-the-thickness of the unmodified epoxy polymer according
to ASTM D257. For the epoxy nanocomposites containing aligned
GnPs, measurements were made both parallel and transverse to
the direction of alignment of the GnPs. Five measurements were
taken of each material to obtain the average value and the variabil-
ity. The thermal conductivity was measured using the C-Therm
Thermal Conductivity Analyser employing the modified transient
plane-source (MTPS) technique. Rectangular samples were placed
on the thermal sensors and completely covered the measuring
area. ‘Type 120’ thermal joint compound was applied between
the sample and the sensor to improve the heat flow. The tempera-
ture was controlled in a TPS Tenney Junior thermal chamber. The
measurements at room temperature (25 !C) were performed both
parallel and transverse to the alignment direction of the GnPs.
Ten measurements of each sample material were performed to
determine the average and variability of the thermal conductivity.
DCB tests were performed using an Instron tensile testing
machine to determine the mode I fracture energy (GIc) of the adhe-
sive joints. The DCB joints had the dimensions illustrated in
Fig. S1b in the Supporting information. A sharp crack tip was
formed by carefully wedging the crack opening from the tip of
the ‘Teflon’ film. The crack opening load was applied to the speci-
mens at a crosshead speed of 1 mm/min in accordance with ISO
25217. The load versus displacement curves were recorded and a
travelling optical microscope was used to measure the crack length
(a). The value of the fracture toughness (GIc) for the onset of crack
propagation was calculated using the ‘corrected beam’ theory [26].
At least five specimens were tested for each composition to get the
average value of GIc. As described above, the values of GIc were
determined using two types of specimens: one where the direction
of crack growth was transverse to the aligned GnPs and one where
the direction of crack growth was parallel to the aligned GnPs.
Fracture surfaces from randomly selected failed DCB specimens
were sectioned and sputter coated with a thin layer of gold for
SEM examination. Side-views of the crack tips were also examined
by SEM after polishing with a fine-grade sand-paper.
3. Results and discussion
3.1. Electric field-induced alignment of GnPs
The alignment of the GnPs within the liquid epoxy resin when
exposed to an AC electric field was investigated experimentally
and theoretically. In-situ optical microscopy observations were
carried out on the movement of the GnPs within the liquid epoxy
resin. The applied AC electric field had an amplitude of 25 V/mm
and a frequency of 10 kHz. Time-lapse images for the epoxy resin
containing 0.054 vol% of GnPs are presented in Fig. 1, showing
the formation of a chain-like graphene network in the direction
of the applied electric field. A network of aligned nanoplatelets
began to visibly develop after exposure to the electric field for
about four minutes. A well-defined chain-like structure of GnPs
extending between the positive and negative electrodes formed
after !10 min, which then developed into relatively thick bundles
upon further exposure to the electric field for !20 min. This ‘chain-
ing’ process is the result of dipole–dipole attractions between the
nanoplatelets. Due to the opposite charges at their ends, they
gradually move closer and connect end-to-end, forming chain-like
structures. These structureswere also observed for epoxy resinmix-
tures with higher contents of GnPs (see Fig. S2). Similar chained
structures have been observed for other inclusions including
ceramic (BaTiO3) particles [27], carbon nanotubes [10,11], carbon
nanofibers [12,13], carbon black [14], and carbon nanocones [28].
Fig. 2a and b show representative SEM and TEM images of the
microstructure of the epoxy/GnPs (0.54 vol%) nanocomposite pre-
pared without the application of the electric field. As expected,
the GnPs were randomly-oriented and distributed in the epoxy
polymer. Fig. 2c and d show the microstructure of the
epoxy/GnPs (0.54 vol%) nanocomposite following exposure to the
electric field, and most of the GnPs are aligned very close to being
parallel to the applied electric field direction. Alignment of the
GnPs was observed for all the different volume contents that were
studied (i.e. 0.27, 0.54, 0.81 and 1.08 vol%). Voids and dispersed
multi-layered GnPs are also observed in the TEM images, as indi-
cated by the arrows in Fig. 2d. The appearance of the voids could
be due to the relatively high stresses generated during the ultrami-
crotoming used to prepare the TEM samples [29,30]. To confirm
this suggestion, selected area electron-diffraction (SAED) was
employed to distinguish the GnPs from the amorphous epoxy poly-
mer matrix, and Fig. S3 gives such an example. A well-defined
diffraction spot pattern was obtained from the region close to
the voids indicating the presence of crystalline GnPs.
3.2. Physical mechanisms of electric field-induced alignment of GnPs
3.2.1. Rotation
When subjected to a sinusoidal alternating electric field, a solid
inclusion in a dielectric liquid is polarized and gains a dipole
moment due to the different dielectric properties and electrical con-
ductivity between the inclusion and the liquid [19]. The polarization
moment, l, is generally not aligned with the electric field for mate-
rials which are crystalline or show shape anisotropy and thus a tor-
que Te ¼ ~l#~E is induced to act on the inclusion. Two-dimensional
GnPs have shape anisotropy and the polarization moment parallel
to theplatelet ismuchhigher than that perpendicular to theplatelet.
GnPs can be considered as very thin oblate spheroids with
semi-major and semi-minor axes a and b, corresponding to the
radius and half thickness of a graphene nanoplatelet, respectively.
The overall torque acting on an inclusion is the superposition of
the torques induced by fields parallel and perpendicular to its axes:
Te ¼ ljj # E? $ l? # Ejj ð1Þ
where E? ¼ E ' sin h and Ejj ¼ E ' cos h with h being the angle
between the electric field direction and the semi-major axis of the
inclusion. The subscripts\ and k refer to the perpendicular and par-
allel to the surface of nanoplatelets, respectively.
When an inclusion is subjected to a sinusoidal alternating elec-
tric field (E ¼ E0 ' sinxt), the torque acting on it is given by [31]:
Te ¼ 2pa
2b
3
E20 sin
2xt sin 2h emðei $ emÞ
2
em þ ðei $ emÞLjj
! "
ei
ð2Þ
where Ljj is the depolarization factor along the major axis, and
Ljj ¼ b2a p2 $ ba
# $
for an oblate-shaped inclusion. The subscripts i and
m refer to the inclusion (i.e. the GnPs) and matrix, respectively.
The term e is the generalized dielectric constant.
ei ¼ e0i þ jðe00i þ ri=xÞ, with e0i, e00i , and r denoting the real part and
imaginary part of relative dielectric constant and the electrical
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conductivity of the inclusions, respectively. The variables x and E0
denote the angular frequency and amplitude of the applied electric
field, respectively.
For a GnP of relatively high electrical conductivity exposed to an
AC electric field of a low to moderate frequency (x! ri),
ei=em !1; the torque can be simplified to:
Fig. 1. Optical micrographs of GnPs in the liquid epoxy resin (0.054 vol%) during the application of the AC electric field (25 V/mm): (a) Randomly-oriented GnPs before the
field was applied; (b), (c), and (d) after the field was applied for 4 min, 10 min, and 20 min, respectively. (The positive and negative electrodes are indicated by ‘‘ + ’’ and ‘‘"’’.)
Fig. 2. SEM (a) and TEM (b) images of the epoxy nanocomposites with 0.54 vol% of randomly-oriented GnPs; SEM (c) and TEM (d) images of the epoxy nanocomposites with
0.54 vol% of aligned GnPs. The direction of the electric field (E) alignment is indicated in (c) and (d).
610 S. Wu et al. / CARBON 94 (2015) 607–618
Te ¼ 4pa
3
3
em
p
2 " ba
! " E20 sin2xt sin 2h ð3Þ
The electric field-induced torque is the driving force for the
rotation of the GnPs in the liquid epoxy resin, which is resisted
by viscous drag from the epoxy resin. The time needed to rotate
GnPs from the initial angle h0 to an angular position h can be esti-
mated by balancing the electric field-induced torque with the vis-
cous torque acting on the GnPs. The viscous torque Tm is
proportional to the angular velocity _h and viscosity g of the epoxy
resin, and can be calculated using [10,32]:
Tv ¼ "g _hkr ð4Þ
where kr is the rotational friction coefficient and kr ¼ 32a3=3 [32].
Now the dynamic condition Te ¼ Tv yields,
_h ¼ " p
8g
em
p
2 " ba
! " E20 sin2xt sin 2h ð5Þ
from which the time to rotate (tr) a GnP from the initial angle h0 to a
generic angular position h0 can be solved from the following tran-
scendental equation:
tr " 12x sin 2xtr ¼
1
A
ln
tan h0
tan h0
ð6Þ
where:
A ¼ p
8g
em
p
2 " ba
! " E20 ð7Þ
By setting the final angle h0 close to zero, the corresponding tr
value is the rotation time for a GnP with an initial angle of h0.
Eq. (6) reveals that the rotation time is dependent on the frequency
of the AC electric field, but this effect diminishes rapidly as the fre-
quency increases, with the rotation time approaching the following
lower bound,
tr;1 ¼ 1A ln
tan h0
tan h0
; x!1 ð8Þ
It should be noted that numerical solutions for Eq. (6), referring
to Fig. S4d, reveal that when the angular frequency of the AC elec-
tric field exceeds 1=tr;1, the rotation time approaches within 95% of
that given by Eq. (8), as will be discussed Section 3.2.3.
3.2.2. End-to-end connection (i.e. ‘chain’ formation)
Once rotated, polarized GnPs tend to attract each other due to
the opposite charges present at their ends. By balancing the electric
force and the translational viscous friction, it is possible to estimate
the time required to form an end-to-end connection between two
platelets. The electric charge (q) present at the opposite ends was
evaluated by considering the torque as the product of charges at
the ends of nanoplatelets and the distance of 2a (i.e. the diameter)
such that:
Te ¼ q % E % 2a sin h ð9Þ
This torque induced by the applied field is given in Eq. (2), based
on which the total electric charge at the end of a disk-shaped nano-
platelet is estimated by:
q ¼ T
e
E2a sin h
¼ 2pab
3
E0 sinxt cos h
emðei " emÞ2
em þ ðei " emÞLjj
# $
ei
ð10Þ
Thus, the electric force attracting adjacent nanoplatelets is:
Fel ¼ q
2
4pe0x2
¼ pðabÞ
2
9e0x2
E20 sin
2xt cos2 h emðei " emÞ
2
em þ ðei " emÞLjj
# $
ei
 !2
ð11Þ
When a nanoplatelet becomes parallel to the electric field, i.e.
h = 0, the electric force attracting two nanoplatelets separated by
x is given by:
Fel ¼ pðabÞ
2
9e0x2
E20 sin
2xt emðei " emÞ
2
em þ ðei " emÞLjj
# $
ei
 !2
ð12Þ
Coupling this electric force with the translational viscous fric-
tion, the equation representing the translational motion is:
pðabÞ2
9e0x2
E20 sin
2xt emðei " emÞ
2
em þ ðei " emÞLjj
# $
ei
 !2
¼ "gktx ð13Þ
where kt is the translational friction coefficient for an oblate spher-
oid particle [33,34], and is:
kt ¼ 6pða2bÞ1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jðb=aÞ2 " 1j
q
tan"1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jðb=aÞ2"1j
p
ðb=aÞ
& ' ð14Þ
The governing equation for the translation motion can be
rewritten as:
_x ¼ "B sin
2xt
x2
ð15Þ
where:
B ¼ 4pa
4
9gkte0
E20e2m
p
2 " ba
! "2 ð16Þ
Solving the differential Eq. (15) yields the following solution:
xðtÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"3B t
2
" sin 2xt
4x
& '
þ x30
3
s
ð17Þ
Similar to the solution of the rotation time described in
Section 3.2.1, the lower-bound solution pertinent to the high fre-
quency limit is:
xðtÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"3
2
Bt þ x30
3
r
ð18Þ
where x0 is the initial distance from two opposite charged ends of
graphene. The time required for the formation of an end-to-end
connection ðtcÞ is:
tcðx0Þ ¼ 2x
3
0
3B
ð19Þ
The influence of frequency diminishes when the frequency
exceeds 1/ tc . The initial distance (x0) between the closest opposite
charged ends of graphene can be evaluated by using similar
method as that applied by Monti et al. for carbon nanotubes [10].
This distance depends on the content of the GnPs in the epoxy
resin. Assuming the graphene is uniformly dispersed in the whole
volume of the epoxy, the portion of this volume for each GnP (VG)
can be evaluated by:
VG ¼ 1q
WG
mG
ð20Þ
where q is the density of the epoxy,WG is the weight fraction of gra-
phene, and mG is the mass of each GnP. The volume containing one
GnP can be modeled as a square cuboid, with its two edges being
equal to the average diameter (2a) of GnPs, and its third edge being
the average initial distance x0. In this case, the average initial dis-
tance can be obtained from the volume given by Eq. (20):
x0 ¼ VG4a2 ¼
1
q
WG
mG
1
4a2
ð21Þ
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3.2.3. Model results
Using the above analysis, it is possible to calculate the time
required to rotate the GnPs and to form an end-to-end connection
in the liquid epoxy resin in the direction of the electric field. In the
calculation of the rotation time, the final angle was set at a value
slightly greater than 0! (i.e. 1.0!), otherwise the calculated align-
ment time approaches an infinite value. The GnPs have an approx-
imate thickness (b) of 8 nm and diameter (a) of 25 lm. The values
of the viscosity and relative dielectric constant of the liquid epoxy
resin were taken for the calculations to be g = 0.725 Pa!s and
em = 3.6e0, with e0 being the vacuum permittivity. Fig. 3d shows
the calculated time required for the electric field to align the nano-
platelet from various initial angles (h0) to the final angle of h0 = 1.0!.
The calculated curve shows a similar trend to that recently
reported by Monti et al. [10] for direct current field-induced align-
ment of carbon nanotubes. Fig. 3d shows that with the applied
electric field strength of 25 V/mm, amplitude of 10 kHz, it takes
up to "15 min to closely align the majority of nanoplatelets upon
applying the electric field.
In the calculation of the time required to form an end-to-end
connection between two GnPs, the mass of a single GnP
(2.65 # 10$14 kg) was estimated by calculating how many carbon
atoms were present in the single sheet having the dimension of
25 lm # 25 lm and then multiplying this by the number of layers
of sheets per nanoplatelet [10]. The GnPs are on average 8 nm thick
which equates to about 18 single sheets of graphene based on the
d-spacing (taken as 0.34 nm). For a liquid epoxy resin containing
0.1 wt% (0.054 vol%) of GnPs, the average initial separation dis-
tance x0 between two platelets is "36 lm. Fig. 3e shows the plot
of Eq. (18). It can be seen that the time needed for a GnP to move
a distance of 36 lm was about four minutes which is consistent
with the optical microscopy observations shown in Fig. 1.
A thorough analysis of Eqs. (6) and (18) reveals the effects of
different variables on the alignment of GnPs in a polymer. Firstly,
as expected, it takes a shorter time to rotate GnPs and to translate
a distance (x0) to form end-to-end connection if the viscosity of the
epoxy/GnPs mixture is lower and/or a stronger electric field is
applied (see the plots in Figs. S4 and S5). The role of the aspect ratio
(a/b) of the filler is presented in Figs. S4c and S5c. The contribution
of this parameter seems to be negligible, i.e. the orientation time
and end-to-end connection time does not change significantly as
the aspect ratio of the GnPs is varied. Therefore, for GnPs of a given
size (a), the thickness (i.e. the exfoliation state) does not signifi-
cantly affect the alignment process. The influence of frequency of
the electric field on the rotation time is presented in Fig. S4d.
According to the model, the frequency will not have any noticeable
effects provided that the frequency is moderately high (greater
than 10 Hz in the present case), which is consistent with the exper-
imental observations shown in Fig. 4. The DC conductivity was
measured to monitor the degree of alignment during the alignment
process every 60 s after the application of the electric field. As
shown in Fig. 4, the electrical conductivity increases due to the for-
mation of the GnP networks and reaches a plateau after around
600 s, irrespective of the frequency of the external electric field.
Similar findings have been reported for epoxy/carbon black com-
posites, i.e. the time-dependent evolution of the conductivities
and final conductivity are nearly independent of frequency up to
10 kHz [14].
These experimental studies and theoretical modeling on the
formation of aligned graphene platelets in both the liquid epoxy
resin and the epoxy nanocomposites have indeed confirmed that
a high degree of alignment of the GnPs may be achieved by using
the process conditions described above. The electrical and thermal
conductivities, and fracture toughness of the epoxy
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nanocomposites containing aligned GnPs have been determined
and are presented in the following sections.
3.3. Electrical conductivity
The electrical conductivity of the GnPs parallel to the surface is
107 S/m, which is much higher than that perpendicular to the sur-
face (i.e. 102 S/m) [35]. Thus, the AC electric field-induced align-
ment was expected to increase significantly the conductivities of
the epoxy/GnPs nanocomposites in the alignment direction.
Electrical conductivities were measured in both the liquid epoxy
resin/GnPs mixture during alignment and the cured epoxy
nanocomposites.
Fig. 4 shows the change in the electrical conductivities of a liq-
uid epoxy resin containing 0.054 vol% of GnPs when subjected to
the electric field of different frequencies. The electrical conductiv-
ity increased rapidly over the initial !10 min and then reached a
constant value, by which time the in-situ observation of the liquid
epoxy resin/GnPs mixture showed the formation of a well-defined
chain-like graphene network aligned with the direction of the
applied electric field (see Fig. 1d). The initial rapid rise in the elec-
trical conductivity is attributed to the progressive rotation of the
highly conductive nanoplatelets towards the direction of the
applied electric field and the subsequent chaining to form contin-
uous, electrically conductive pathways between the electrodes.
After about 10 min the majority of the GnPs were closely aligned
with the electric field direction, as predicted by the theoretical
models presented in Sections 3.2.1 and 3.2.2, and therefore the
electrical conductivities of the liquid epoxy resin/GnPs mixture
reached a constant value.
Linear versus logarithmetic plots presented in Fig. 5 show the
effects of alignment and volume content of the GnPs on the electri-
cal conductivities of the epoxy nanocomposites. The electrical con-
ductivities of the epoxy nanocomposites containing aligned GnPs
were measured in two directions. For comparison, the electrical
conductivity for the epoxy nanocomposites containing
randomly-oriented GnPs are also included in Fig. 5. The results
demonstrate that the electrical conductivities of the aligned and
randomly-orientated nanocomposites increase rapidly with the
content of GnPs. Moreover, the conductivities of the epoxy
nanocomposites in the alignment direction of the GnPs are signif-
icantly higher than that of the nanocomposites containing
randomly-oriented GnPs. Furthermore, the conductivities of the
nanocomposites along the alignment direction are consistently
2–3 orders of magnitude higher than that along the transverse
direction. Anisotropic electrical properties have also been recently
reported by Kim and co-workers [36,37] for epoxy/graphene aero-
gel composites and epoxy/graphene oxide composites where a rel-
atively high degree of alignment was observed when the graphene
content was above a threshold.
By fitting the experimental data to a power-law equation (see
Fig. 5b and c), a percolation threshold (Wc) content of !0.52 vol%
was determined for the epoxy nanocomposite containing
randomly-oriented GnPs. Electric field-induced alignment of the
GnPs resulted in a much lower percolation threshold of
!0.22 vol% when the conductivity was measured in the alignment
direction of the GnPs. This value is less than half that of the
nanocomposites containing randomly-oriented GnPs. Thus, these
results clearly demonstrate that aligning the GnPs significantly
lowers the content of GnPs necessary to achieve percolation.
3.4. Thermal conductivity
Fig. 6 shows the effects of the volume content and alignment of
the GnPs on the thermal conductivities of the epoxy nanocompos-
ites. The thermal conductivities of the aligned epoxy nanocompos-
ites were measured in two directions, i.e. parallel and transverse to
the alignment direction of the GnPs, as indicated. The thermal con-
ductivities of the epoxy nanocomposites containing
randomly-oriented GnPs increased steadily with the content of
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GnPs and reached a value of 0.412W/mK at the highest loading of
1.08 vol%. The value of 0.412W/mK is about 50% higher than that
of the unmodified epoxy polymer. This level of improvement is
similar to that reported recently for other epoxy polymers with
randomly-oriented GnPs [38].
Clearly, the thermal conductivities of the epoxy nanocompos-
ites measured in alignment direction are much higher than that
of nanocomposites containing randomly-oriented GnPs (see
Fig. 6). Distinct differences were observed between the thermal
conductivities measured with respect to the parallel and trans-
verse directions of alignment of the GnPs, with the disparity
increasing with the content of GnPs up to 0.8 vol%. The anisotropy
in thermal conductivity of the present epoxy/GnPs composites is
similar to that reported in a recent study on epoxy composites con-
taining vertically-aligned and densely-packed multilayer graphene
[39]. The planar thermal conductivity (i.e. 3000 W/mK) of the GnPs
is significantly higher than the transverse (i.e. thickness direction)
conductivity (i.e. 6 W/mK) [35], leading to a larger increase in the
thermal conductivities of the epoxy nanocomposites in the
alignment direction. The differences in the thermal conductivities
measured in the orthogonal directions as well as the epoxy
nanocomposites containing randomly-oriented GnPs decreased
when the content of GnPs was further increased from 0.8 vol% to
1.08 vol%. The reason for this diminishing difference at relatively
high loading levels is most likely due to the reduced degree of
alignment and the likely agglomeration of the GnPs at concentra-
tions above about 0.8 vol%.
3.5. Fracture toughness
The mode I fracture toughness of the unmodified epoxy poly-
mer and the epoxy/GnPs nanocomposites were measured using
the double cantilever beam (DCB) test. The materials were tested
in the form of a thin, continuous epoxy polymer layer (2 mm thick)
which was bonded between two carbon fibre-epoxy composite
substrates (as illustrated in Fig. S1b in the Supporting information).
In all the tests, the crack propagated through the epoxy polymer
layer and did not grow along the epoxy polymer-substrate inter-
face or within the carbon fibre-epoxy composite substrates.
The effects of alignment and volume concentration of the GnPs
on the fracture toughness (GIc) of the epoxy nanocomposites are
shown in Fig. 7. The fracture toughness of the nanocomposite con-
taining randomly-oriented GnPs increased at a quasi-linear rate up
to !0.8 vol%, above which the rate of improvement tapered off.
When the GnPs were aligned in the transverse direction with
respect to the crack growth direction, the values of toughness
increased linearly with the content of GnPs up to about 0.8 vol%.
(It should be recalled that the electric field was applied trans-
versely to the subsequent crack growth direction to make the
GnPs align perpendicular to the crack growth.) Such alignment of
the GnPs induces a significantly stronger toughening effect of
about 40% compared to the randomly-oriented epoxy nanocom-
posites. By contrast, a lower toughness (of about 10–15% compared
to the randomly-oriented materials) was measured when the GnPs
were aligned parallel to the crack growth direction. Further, there
was no statistically significant difference observed in the tough-
ness of the epoxy nanocomposites containing randomly-oriented
and aligned GnPs when the volume concentration of GnPs was
increased from 0.8 vol% to 1.08 vol%. This may be ascribed to the
reduced degree of alignment and the increased agglomeration of
the GnPs at contents above about 0.8 vol%. Since, at relatively high
contents of nanofillers, the viscosity of the epoxy mixture and the
degree of filler packing increase. These factors make it more diffi-
cult for the GnPs to move and rotate in response to the applied
electric field. Similar behaviour has been reported for
multi-walled carbon nanotubes in an epoxy polymer matrix [40].
The improvement in fracture toughness gained by aligning the
GnPs transverse to the crack growth direction, is superior to the
toughening efficiency reported in the literature for various types
of graphene when added to epoxy polymers. Table S1 summarizes
the published values for the percentage increase in the mode I frac-
ture toughness of epoxy polymers containing different
randomly-oriented graphene-based materials (i.e. graphene oxide
(GO), thermally expanded or reduced GO, chemically-modified
graphene, or graphene foam) [4,6,29,30,41–47]. The maximum
percentage increase in the fracture toughness (i.e. of up to
!900%) from the present studies is the highest recorded improve-
ment. This demonstrates the very high toughening efficiency
gained by the AC electric field-induced alignment of the GnPs,
while at the same time providing the additional functionalities of
increased electrical and thermal conductivities.
3.6. Toughening mechanisms
Fractographic analysis of the DCB specimens was performed to
determine the toughening mechanisms induced by both the
randomly-orientated and aligned GnPs. Fig. 8 shows a side-view
of the main crack front in the unmodified epoxy polymer and in
an epoxy nanocomposite containing randomly-oriented and
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aligned GnPs. The crack tip in the unmodified epoxy polymer (see
Fig. 8a) is well-defined, and there is no evidence of discrete damage
processes ahead of the crack, and this observation is typical for
brittle-like polymers with relatively low values of fracture tough-
ness. In contrast, the fracture process at, and immediately ahead
of the main crack tip was altered by the addition of the GnPs
(see Fig. 8b and c). In addition, the crack path has changed from
being relatively flat and straight to being very tortuous, which is
particularly noticeable for the composites containing aligned
GnPs (Fig. 8c). There were no visible differences in the crack path
for the nanocomposites containing GnPs aligned parallel or trans-
verse to the crack growth direction.
The fracture and toughening processes induced by the presence
of the GnPs are shown schematically in Fig. 9, and the evidence for
this schematic is given in Figs. 8, 10 and 11. Discrete microcracks
(typically of the size of the GnPs, i.e. !10–25 lm long) were cre-
ated immediately ahead of the main crack within the nanocompos-
ites (see Fig. 10b). The microcracks initiated at the epoxy/GnPs
interfaces due to the stress concentrations created by the mis-
match in the Young’s modulus and Poisson’s ratio of the graphene
and the epoxy polymer. In addition, as evidenced in Fig. 11, micro-
cracks also developed due to delamination between the
nanosheets within the GnPs and interfacial debonding of the
GnPs from the epoxy polymer matrix. This indicates the relatively
weak bonding between the graphene sheets and at the
epoxy-graphene interface that occurs when GnPs are used without
any functionalization. The formation of microcracks ahead of the
main crack is an intrinsic toughening mechanism which increases
Fig. 8. SEM images of the crack tip region (side-view) of the (a) unmodified epoxy polymer; (b) epoxy nanocomposite containing randomly-oriented GnPs; and (c) epoxy
nanocomposite containing 0.81 vol% of GnPs aligned transverse to the crack growth direction.
Fig. 9. Schematic of the toughening processes induced by the GnPs.
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the fracture resistance of low toughness materials [48], and this
would account, in part, for the higher toughness of the epoxy
nanocomposites.
Fig. 10c shows that the discrete microcracks coalesced into a
multi-branched network of longer cracks which then connected
with the main crack front. This is also an effective intrinsic tough-
ening process which contributes to the increase in the fracture
toughness of the nanocomposites. Fig. S6 shows the crack surfaces
of the epoxy nanocomposites with increasing content of GnPs, and
there is a progressive increase in surface roughness attributed to
the increased degree of crack bifurcation and branching. Again
these toughening mechanisms will increase the toughness of the
epoxy nanocomposites. Furthermore, the orientation of the GnPs
at some inclined angle to the crack growth direction will obviously
increase the probability of the main crack encountering them and
thus induce more crack deflection and branching. Hence, the pres-
ence of a relatively high level of inclined GnPs, approximately
transverse to the crack growth direction, will provide an enhanced
toughening effect in the epoxy nanocomposites. Indeed, examina-
tion of the crack tip at high magnification (Fig. 10d) revealed frac-
ture and pull-out of GnPs, and crack bridging by the pulled-out
GnPs. The transversely-aligned GnPs tended to initially bridge
the crack over a crack-opening distance of up to !20 lm, which
is equivalent to the size of the nanoplatelets. As the crack propa-
gated along the DCB specimen, the GnPs fractured and pulled-out
from the epoxy polymer matrix. These very effective extrinsic
toughening mechanisms, which are not significant in the epoxy
nanocomposites containing randomly-oriented GnPs or GnPs
aligned parallel to the crack growth direction, account for the more
effective toughening.
4. Conclusions
The application of an AC electric field has been shown to align
GnPs, and to drive the GnPs to form a chain-like network
Fig. 10. SEM images of the crack tip region (side-view) of a DCB specimen for an epoxy nanocomposite containing 1.08 vol% of GnPs transversely aligned to the direction of
crack growth, showing: (a) tortuous crack path; (b) microcracks at the crack tip; (c) microcracks inducing crack deflection and branching; (d) crack bridging and graphene pull
out. (Note: (b) and (c) are magnified SEM images taken from the circular and rectangular regions in (a), respectively.)
Fig. 11. SEM images of the fracture surfaces of a DCB specimen for an epoxy nanocomposite containing 0.54 vol% of GnPs, transversely aligned to the direction of crack
growth, revealing evidence of debonding and delamination of the GnPs. The arrows in (a) indicate microcracks created around the GnPs and (b) is a magnified image from the
rectangular area in (a).
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nanostructure, in an epoxy polymer along the electric field direc-
tion. Theoretical modeling has indicated that the time required
for the GnPs to rotate and form end-to-end ‘chain’ connections,
when the epoxy resin is in its liquid phase, may depend on the
aspect ratio of the GnPs, the viscosity of the mixture, and the
strength and frequency of the applied electric field. The lower
the viscosity and the stronger the applied electric field, then
shorter is the time it takes to align the GnPs. The aspect ratio
(a/b) of the GnPs and the frequency of the applied electric field
have negligible effects on the rotation and chain-formation time.
Compared to the unmodified epoxy polymer, a significantly
higher electrical conductivity (of up to about 7–8 orders of magni-
tude) and thermal conductivity (of up to nearly 60%) have been
achieved in the alignment direction of the GnPs. Moreover, align-
ing the GnPs transverse to the crack growth direction has dramat-
ically improved the fracture toughness (of up to nearly 900%).
These properties are far superior to those achieved by
randomly-oriented GnPs. Both intrinsic and extrinsic toughening
mechanisms have been identified as the major factors responsible
for the remarkable increase in fracture toughness. Specifically, the
main intrinsic toughening mechanisms for the epoxy nanocompos-
ites containing transversely-aligned GnPs include micro-cracking
and debonding of the GnPs, pinning and deflection of the main
crack. The extrinsic toughening mechanisms include pull-out of
and bridging by the GnPs. The orientation of the aligned GnPs
transverse to the crack direction increases the probability of inter-
actions occurring between the advancing crack tip and the GnPs.
This greatly enhances the effectiveness of the extrinsic toughening
mechanisms and leads to a significant increase in the fracture
toughness compared to those containing GnPs aligned parallel to
the crack growth direction or randomly-oriented GnPs. The differ-
ences in the properties between the epoxy nanocomposites con-
taining randomly-oriented GnPs and aligned GnPs become less
marked when the content of the GnPs increases to above about
0.8 vol%. This may be ascribed to the increased agglomeration
and reduced degree of alignment of the GnPs at contents above
about 0.8 vol%.
The present work has clearly demonstrated that an AC electric
field can be applied to control the orientation and alignment of
GnPs in an epoxy resin and therefore enables the fabrication of
high-performance, multifunctional epoxy/graphene
nanocomposites.
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a b s t r a c t
Novel magnetite-carbon nanoﬁber hybrids (denoted by “Fe3O4@CNFs”) have been developed by coating
carbon nanoﬁbers (CNFs) with magnetite nanoparticles in order to align CNFs in epoxy using a relatively
weak magnetic ﬁeld. Experimental results have shown that a weak magnetic ﬁeld (~50 mT) can align
these newly-developed nanoﬁber hybrids to form a chain-like structure in the epoxy resin. Upon curing,
the epoxy nanocomposites containing the aligned Fe3O4@CNFs show (i) greatly improved electrical
conductivity in the alignment direction and (ii) signiﬁcantly higher fracture toughness when the
Fe3O4@CNFs are aligned normal to the crack surface, compared to the nanocomposites containing
randomly-oriented Fe3O4@CNFs. The mechanisms underpinning the signiﬁcant improvements in the
fracture toughness have been identiﬁed, including interfacial debonding, pull-out, crack bridging and
rupture of the Fe3O4@CNFs, and plastic void growth in the polymer matrix.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Many applications of polymeric materials in electronic devices,
fuel storage and transportation, automotive, and aerospace prod-
ucts demand good mechanical properties for structural integrity
and high electrical conductivities to dissipate static electricity [1].
Carbon nanomaterials, such as carbon nanotubes (CNTs), carbon
nanoﬁbers (CNFs), and graphene nanosheets (GNSs), have emerged
as promising nanoﬁllers for polymer nanocomposites due to their
outstanding mechanical and electrical properties [2e4]. The
introduction of carbon nanoﬁllers into polymers can greatly
improve their electrical and mechanical properties [4e6]. The en-
hancements in these properties can be achieved at relatively low
loadings, which arises from their high aspect ratio, leading to them
frequently being superior ﬁllers compared to the conventional
micrometer-sized ﬁllers [7]. However, the property improvements
achieved to date using carbon nanoﬁllers are still well below the
theoretical predictions due to the difﬁculty in achieving (i) a uni-
form dispersion of the nanoﬁllers in the polymer matrices, (ii)
appropriate interfacial bonding with the polymer matrices [3,5,8],
and more importantly, (iii) alignment of the nanoﬁllers. Indeed,
aligned carbon nanoﬁllers have been found to produce more sig-
niﬁcant improvements in the mechanical and electrical properties,
in the direction of the alignment, when compared to their
randomly-oriented counterparts [9e13].
Different approaches for aligning carbon nanoﬁllers have been
reported in the literature, mainly based on mechanical stretching
[14,15] or the application of an electric ﬁeld [16,17] or magnetic
ﬁeld [18e23]. Although using an electric ﬁeld is recognized as an
effective method, this technique is typically restricted to materials
with very low electrical conductivity, since the ﬁeld strength is
usually limited to avoid dielectric breakdown of the polymer [23].
Moreover, due to their low magnetic susceptibility [18e21], an
extremely strong magnetic ﬁeld (e.g. of several Teslas) is usually
required to align carbon-based nanoﬁllers. For instance, Campo-
neschi and co-workers [21] employed a magnetic ﬁeld of up to 25 T
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to orient and align CNTs in an epoxy resin and found that the
properties of the resulting nanocomposites were superior to those
prepared in the absence of a magnetic ﬁeld. Another similar
attempt was reported by Mahfuz and co-workers [20] who used
magnetic ﬁelds of up to 28 T to align CNFs in a two-phase tough-
ened epoxy resin system and achieved 21% and 3% increases in the
compressive strength and modulus compared to randomly-
oriented CNFs. The necessity to employ such high magnetic ﬁelds
limits the practical application of this method. Therefore, various
methods have been reported to functionalise carbon nanoﬁllers
with magnetic nanoparticles, especially iron-based nanoparticles,
so as to align the nanoﬁller in a polymer matrix without needing to
employ high magnetic ﬁelds [24e27]. For instance, magnetite
(Fe3O4) decorated single-walled CNTs have been developed using a
sonochemical oxidation process and these hybrid nanoﬁllers were
successfully aligned in an epoxy using a relatively weak magnetic
ﬁeld [24]. In addition to CNTs, graphene-based magnetic hybrids
have also been prepared by attaching Fe3O4 nanoparticles onto the
graphene nanoplatelets and/or graphene oxide, using a wet-
chemical co-precipitation method. The graphene hybrids were
aligned in an epoxy under a relatively lowmagnetic ﬁeld to achieve
high thermal conductivity [26] and good gas barrier properties [27].
CNFs have a relatively high aspect ratio and are an excellent low-
cost alternative to CNTs [28]. However, most of the reported
research efforts on functionalising CNFs by magnetic iron oxide
nanoparticles have been either based on complex chemical
methods or a very high temperature treatment [29,30]. Moreover,
to the best of our knowledge, there is no report on aligning iron
oxide-CNFs in an epoxy resin using a relatively low magnetic ﬁeld
to selectively reinforce the epoxy polymer in a preferred
orientation.
The present work aims to explore the functionalisation process
to coat carbon nanoﬁbers with magnetic iron oxide nanoparticles
by co-precipitation and to align the resultant nanoﬁber hybrids in
an epoxy resin for developing epoxy nanocomposites with aniso-
tropic electrical and mechanical properties. The functionalised
carbon nanoﬁbers, denoted by Fe3O4@CNFs, are ﬁrst dispersed into
a liquid epoxy resin which is then cured under a relatively weak
magnetic ﬁeld of ~50 mT. The electrical conductivity and fracture
toughness of the cured epoxy nanocomposites, containing either
randomly-oriented or aligned Fe3O4@CNFs are measured and
compared. Finally, the toughening mechanisms are identiﬁed from
fractographic studies.
2. Experimental details
2.1. Materials
Vapour grown carbon nanoﬁbers (VGCNFs) (Pyrograf®-III, grade
PR-24-XT-HHT) used in the present work are fully graphitized at
2800 !C and contain a very low content of catalyst (iron <100 ppm).
They therefore possess a relatively high electrical conductivity and
a low magnetic susceptibility. According to material data supplied
by the manufacturer, the CNFs have an average diameter in the
range of 70e200 nm and a length of between 50 and 200 mm. The
epoxy resin used is a liquid blend of bisphenol A and bisphenol F
(‘105’ from West System) together with a slow-curing hardener
(‘206’ from West System) which is a blend of aliphatic amines and
aliphatic amine adducts based on diethylene triamine and trie-
thylenetetramine. Concentrated nitric acid (70%) was obtained
from RCI Labscan. Iron (II) sulfate heptahydrate (FeSO4$7H2O),
anhydrous iron chloride, and ammonia hydroxide (NH4OH) were
sourced from SigmaeAldrich, Australia. Carbon ﬁber composite
substrates were manufactured from T700 carbon ﬁber/epoxy pre-
preg (VTM 264) supplied by Advanced Composites Group. Twelve
plies of this unidirectional prepreg with dimensions of
300 mm " 250 mm " 2.35 mm were used to fabricate the sub-
strates for the fracture toughness tests by curing the prepreg plies
in an autoclave at 120 !C and under a pressure of ~650 kPa for 1 h,
as recommended by the supplier.
2.2. Preparation of the magnetic Fe3O4@CNFs
To functionalise with Fe3O4 nanoparticles, the CNFs were ﬁrst
treated with an oxidative mineral acid. Typically, 2 g of as-received
CNFs were initially mixed with 200 mL of concentrated nitric acid
under vigorous stirring. This mixture was then treated at 100 !C for
6 h under magnetic stirring. After this treatment, the mixture was
washed several times by deionizedwater until reaching a pHvalue of
~7. The samples were vacuum ﬁltrated and dried in a vacuum oven.
After this acid treatment, the CNFs are expected to possess oxygen-
containing functional groups, such as carboxylic, lactone and
phenolic quinone, on their surfaces and are denoted byCNFs-OX [31].
The Fe3O4 nanoparticles were fabricated by a facile co-
precipitation method [32,33] from the CNFs-OX materials, pre-
pared as described above. Firstly, 0.225 g of the CNFs-OX were
dispersed in 200 mL distilled water by ultraprobe sonication for
15 min, into which 0.225 g of FeCl3 was added whilst stirring. The
mixture was vigorously stirred for 15 min whilst being heated to
50 !C under a nitrogen (N2) atmosphere. Then, 0.18 g of FeSO4$7H2O
was added, with continuous stirring under a N2 atmosphere for
30 min. Next, 15 mL of 8 M NH4OH aqueous solution was added
drop-wise to precipitate ferric and ferrous salts. The pH value of the
mixture was kept at ~10 and the reaction was carried out at 50 !C
for 30 min under vigorous magnetic stirring, and N2 was continu-
ously purged during the reaction to prevent oxidation. The
Fe3O4@CNFs hybrids were obtained by magnetic separation,
washed with distilled water and ethanol, and ﬁnally dried under
vacuum at 50 !C.
2.3. Preparation of the bulk epoxy nanocomposites with
Fe3O4@CNFs
The epoxy nanocomposites containing Fe3O4@CNFs were pre-
pared as described below. The Fe3O4@CNFswere ﬁrstly dispersed in
a small amount of acetone by bath sonication for 15min (the typical
concentrationbeing20mg/mL). Epoxy resinwas then addedand the
sonication process was continued for 1 h. The acetone was then
removed under reduced pressure. Subsequently, a stoichiometric
amount of hardener was added and the mixture was poured into a
rubber mold for curing. To align the Fe3O4@CNFs, the mixture was
subjected to a weak magnetic ﬁeld of ~50 mT generated by a pair of
permanent magnets whilst it was being cured. Using a gaussmeter,
the intensity of the magnetic ﬁeld was measured to be approxi-
mately 50mTat a distance of 4 cm between a pair of ferritemagnets
which were 150 " 50 " 25.4 mm in size. Initial, exploratory, ex-
periments were carried out using different intensities of magnetic
ﬁeld, ranging from20mT to 50mT bychanging the gap between the
magnets. Since the alignment of the Fe3O4@CNFs needs to be
completed prior to gelation of the epoxy (the gel time of the epoxy is
around 20e30min at 25 !C), a magnetic ﬁeld strength of 50mTwas
ﬁnally selected so that the Fe3O4@CNFs could be highly aligned
within approximately 10 min from the application of the magnetic
ﬁeld. Epoxy nanocomposites containing various weight contents
(i.e. 0.0, 0.2, 0.4, and 0.6 wt%) of the Fe3O4@CNFs were prepared.
2.4. Preparation of composite joints
Prior to the application of the liquid epoxy resin mixture as an
adhesive to form bonded joints, the surfaces of the carbon-ﬁber
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composite substrates were sandblasted and thoroughly degreased
with acetone. The substrates were then cleanedwith distilled water
and dried using compressed air. A dammade of silicone rubber was
used to prevent the liquid epoxy resin mixture from ﬂowing out
and spacers (1 mm thick) were placed between the substrates to
control the thickness of the adhesive layer. A sharp pre-crack in the
mid-plane of the adhesive layer was pre-formed by using Teﬂon
thin ﬁlm (50 mm thick). The epoxy resin mixtures containing the
0.0, 0.2, 0.4, and 0.6 wt% of Fe3O4@CNFs and the hardener were
prepared following the procedure described in Section 2.3 and then
poured between the substrates which were subsequently placed
between two permanent magnets to induce the alignment (Fig. 1a).
The magnetic ﬁeld direction is perpendicular to the bonding sur-
faces. The joints were cured at room temperature for 48 h. Once
cured, the samples were cut into double-cantilever beam (DCB)
specimens with the dimensions shown in Fig. 1b.
2.5. Characterization
2.5.1. Characterization of the Fe3O4@CNFs
KBr disks were prepared and dried under vacuum at 80 !C, and
the measurement of Fourier transform infrared (FTIR) spectra were
conducted using a Bruker Vertex 70 FTIR spectrometer. The spectra
were recorded by taking the average of sixty four scans in the wave
number range of 400e4000 cm"1 at a resolution of 4 cm"1. X-ray
diffraction (XRD) patterns of the samples were collected using a
Bruker D8 Advance diffractometer with Cu-Ka radiation
(l ¼ 1.54 Å). X-ray photoelectron spectroscopy (XPS) was per-
formed using a Thermo K-alpha XPS instrument at a pressure
~1 $ 10"9 Torr with the core levels aligned with the C 1s binding
energy of 284.8 eV. The morphology of the samples was investi-
gated using a transmission electron microscope (TEM) JEOL JEM
1010 operating at 100 kV and equipped with a Gatan Orius SC600
CCD camera for digital imaging. TEM samples were prepared by
dropping ethanol dispersion of Fe3O4@CNFs on carbon-coated
copper grids (200 mesh). Scanning electron microscopy (SEM)
analysis was performed using a FEI Nova NanoSEM, equipped with
an Oxford X-MaxN 20 energy dispersive X-ray (EDX) detector,
operating at 15 kV and a 5 mm working distance. Samples were
drop cast on a piece of silicon wafer which was then attached to an
aluminium SEM stub with double-sided carbon tape.
2.5.2. Characterization of the epoxy nanocomposites
The alignment of the Fe3O4@CNFs in the epoxy was investigated
using optical microscopy, TEM, and SEM. For the optical microscopy
observations, a drop of a mixture of the epoxy resin/Fe3O4@CNFs
was placed onto a glass slide.
For TEM observations, epoxy nanocomposites weremicrotomed
into ultrathin sections of ~70 nm thickwith a diamond knife using a
Leica EM ultramicrotome, which were collected on 200 mesh
copper grids. For SEM observations, the specimens were cryogen-
ically fractured in liquid nitrogen and then surface-coated with a
thin layer of gold prior to observation. The electrical resistivity was
measured at room temperature using an Agilent 4339B high-
resistivity meter equipped with a 16008B resistivity cell. The
samples were tightly screw-pressed between two cylindrical elec-
trodes having a diameter of 26 mm, in accordance with ASTM
D257-99, and at least three measurements were conducted to
obtain the average value. In order to accurately measure the re-
sistivity, the sample surface was coated with a copper paste to
ensure good electrical contact. For the nanocomposite samples
subjected to alignment by the magnetic ﬁeld, the resistivity was
measured in both the perpendicular and parallel direction of the
applied magnetic ﬁeld.
Fig. 1. Schematic of (a) composite joint preparation and (b) the DCB specimen, where a0 is the initial crack length. The symbols N and S denote the magnetic poles of the permanent
magnets.
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The mode I fracture energy, GIc, of the epoxy nanocomposite
layer was obtained from tests undertaken using the DCB bonded
joints. A sharp crack tip was produced by carefully wedging the
crack open from the tip of the inserted Teﬂon ﬁlm. Load was
applied to the specimens at a crosshead speed of 1 mm/min in
accordance with ISO 25217. At least ﬁve replicate specimens were
tested for each formulation. The crack growth was measured by
using a travelling microscope. The mode I fracture energy was
calculated based on “corrected beam theory” [34]. The crack was
always found to propagate cohesively through the centre of the
epoxy polymer layer, and thus the values of GIc could be readily
ascertained.
3. Results and discussion
3.1. Characterization of the magnetic Fe3O4@CNFs
Fig. 2a and b shows the representative SEM images of the
pristine CNFs and the Fe3O4@CNFs. The pristine CNFs show rela-
tively smooth surfaces. By contrast, it can be clearly seen in Fig. 2b
that there are some Fe3O4 nanoparticles (i.e. the bright domains)
attached to the surfaces of the CNFs. It may be noted that the Fe3O4
nanoparticles are not covering the entire surface of the nanoﬁbers
and randomly distributed on the surface, but tend to form clusters.
To further study the attachment of the Fe3O4 nanoparticles, TEM
images were taken and are shown in Fig. 2c and d. These TEM
images show that the clusters consist of small nanoparticles with
an average diameter of 5e10 nm. The nanoparticles appear to be
ﬁrmly anchored to the surface of the carbon nanoﬁbers even after
ultrasonication treatment. To verify the composition of the nano-
ﬁber hybrids, they were subjected to EDX analysis during the SEM
investigation. Fig. 2e shows the EDX spectrum taken at the location
indicated by the arrow in the inset image, conﬁrming the presence
of Fe and O elements. The magnetic nature of the as-prepared
Fe3O4@CNFs was demonstrated by placing a magnet next to an
ethanol dispersion of the nanoﬁber hybrids. The photograph on the
left hand side in Fig. 2f shows the initial ethanol dispersion of
Fe3O4@CNFs whilst the one on the right hand side shows its
response to an external magnet placed next to it. The Fe3O4@CNFs
were found to be attracted instantly to the external magnet.
Fig. 2. SEM images of the (a) pristine CNFs and (b) Fe3O4@CNFs; (c) and (d) are TEM images of Fe3O4@CNFs at low and high magniﬁcation, respectively; (e) an EDX spectrum
showing the elemental composition of the point indicated by a circle in the inserted SEM image in (e); and (f) shows the ferromagnetic behaviour of the Fe3O4@CNFs.
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Fig. 3 shows the XRD patterns of the pristine CNFs, CNFs-OX,
Fe3O4@CNFs, and iron oxide. The iron oxide was prepared
following the same procedure as described in Section 2.2 but with
the absence of the CNFs-OX for comparison. There is a sharp
diffraction peak at 26.6! in the XRD spectrum of the CNFswhich can
be attributed to the (002) plane of their graphite structure [31].
After acid treatment, this sharp diffraction peak remains un-
changed indicating that the crystalline structure of the CNFs has not
been affected signiﬁcantly. The main characteristic XRD peaks of
iron oxide are located at 2q ¼ 30.4!, 35.7!, 43.2!, 53.6!, 57.3!, and
62.8! and they respectively correspond to the (220), (311), (400),
(422), (511), and (440) planes of maghemite (g-Fe2O3) and/or
magnetite (Fe3O4) [35]. Maghemite and magnetite exhibit very
similar XRD patterns and it is difﬁcult to distinguish between these
two phases [36]. Therefore, XPS (see Fig. 4) was employed to further
verify the presence of the phase of the magnetic iron oxide. For the
Fe3O4@CNFs, the characteristic XRD peaks of both CNFs and iron
oxide can be clearly seen in the spectrum. The peak positions agree
well with the diffraction peaks of both the iron oxide and the CNFs
appearing at 2q ¼ 30.4!, 35.7!, 43.2!, 53.6!, 57.3!, 62.8!, and 26.6!.
XPS was used to study the surface chemistry of the Fe3O4@CNFs
and the survey spectrum is given in Fig. 4a. For comparison, the
survey spectra of the pristine CNFs and CNFs-OX are also provided.
The typical asymmetric peak in the C1s region and symmetric peak
in the O1s region can be seen in all the survey spectra of the CNFs,
CNFs-OX, and Fe3O4@CNFs. The O1s/C1s peak area ratio increases
for the CNFs-OX conﬁrming the oxidization of the CNFs. The survey
spectrum of the Fe3O4@CNFs indicates the presence of the elements
Fe, O, and C.
To further characterize the chemical compositions and chemical
oxidation states, high resolution XPS scans in the O1s, C1s, and Fe2p
regions were recorded. Fig. 4b shows the O1s XPS spectra of the
CNFs, CNFs-OX, and Fe3O4@CNFs, as well as the Fe2p scans of
Fe3O4@CNFs. The O1s peaks of the CNFs are deconvoluted into
three peaks: peak 1 at 532.0 eV corresponding to oxygen with a
double bond to carbon (C]O) [37]; peak 2 at 533.1 eV corre-
sponding to oxygen with a single bond to carbon (CeO) [31]; and
peak 3 at 534.8 eV corresponding to oxygen atoms absorbed on the
surface of the CNFs. Compared to the O1s spectra of the CNFs, the
O1s spectra of the CNFs-OX show similar peaks but peak 1 shifts to
531.4 eV, which is likely due to the presence of more carbonyl
groups on the surface after nitric acid oxidation. The relative con-
tent of carbonyl groups increases from 27.48% to 31.61%, providing
further evidence of oxidation. For the Fe3O4@CNFs, an additional
peak at 530.1 eV can be seen in the O1s spectrum revealing the
presence of lattice oxygen in Fe3O4 [38]. From the Fe2p spectrum,
the Fe2p1/2 and 2p3/2 peaks are observed at around 710.9 and
724.6 eV indicating the presence of a mixed oxide of Fe(II) and
Fe(III), namely, Fe3O4 [38,39]. A very small shoulder exists at 719 eV,
indicating the presence of a relatively small concentration of g-
Fe2O3.
The functionalisation of the CNFs with Fe3O4 was further
conﬁrmed by using FTIR spectroscopy (see Fig. 5). The pristine CNFs
exhibit absorption bands at 1620 and 3440 cm#1 which can be
assigned to the aromatic C]C [27] and H2O adsorbed in the KBr
disc [40], respectively. Compared to the pristine CNFs, the CNFs-OX
were expected to show some new characteristic bands due to polar
functional groups that have been introduced, including nC]O at
~1700 cm#1 and nOH at ~3400 cm#1 [32]. However, these charac-
teristic bands cannot be clearly identiﬁed, probably due to the very
low concentration of such functional groups. This was conﬁrmed by
the above XPSmeasurements which showed that the concentration
of elemental oxygen in the CNFs-OX is 4.2%, which is slightly higher
than that of the pristine CNFs (i.e. 3.4%). For the Fe3O4@CNFs, the
absorption band observed at 597 cm#1 is associated with FeeOeFe
stretching vibrations, which indicates the presence of magnetite
nanoparticles [32].
3.2. Alignment of Fe3O4@CNFs in the epoxy nanocomposites
The alignment of the Fe3O4@CNFs in the liquid epoxy resin was
observed using optical microscopy. Fig. 6a shows a typical optical
micrograph of an epoxy resin that was not subjected to the external
magnetic ﬁeld. Clearly, the Fe3O4@CNFs are randomly-oriented in
the epoxy resin. This micrograph also reveals that the nanoﬁber
hybrids are well dispersed. Fig. 6b shows a typical optical micro-
graph of the liquid epoxy resin containing Fe3O4@CNFs subjected to
the appliedmagnetic ﬁeld. This micrograph conﬁrms the alignment
and chain-like structure of the nanoﬁber hybrids in the direction of
the applied magnetic ﬁeld, as indicated by the arrow. The align-
ment and chain-like structure of the Fe3O4@CNFs may be ascribed
to the anisotropic nature of the dipolar interactions of the iron
oxide nanoparticles close to the ends of the Fe3O4@CNFs [10,41].
Without an externally applied magnetic ﬁeld, the magnetic mo-
ments of the iron oxide nanoparticles are randomly oriented
leading to vanishing net magnetization. However, upon the appli-
cation of a sufﬁciently large magnetic ﬁeld, the magnetic moments
of the nanoparticles align along the external ﬁeld direction and the
resultant dipolar interactions orient the Fe3O4@CNFs. Attraction of
the north and south poles of the magnetic carbon nanoﬁbers
resulted in the formation of the chain-like structure.
After the epoxy was cured, the microstructures of the epoxy
nanocomposites were examined by SEM and TEM to ascertain
whether the aligned structure achieved while the epoxy was liquid
remained in place. For comparison, Fig. 6c shows a SEM image of
the epoxy nanocomposite without being subjected to any appliedFig. 3. XRD patterns of pristine CNFs, CNFs-OX, Fe3O4, and Fe3O4@CNFs.
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magnetic ﬁeld. As expected, the Fe3O4@CNFs (i.e. the bright spots)
are uniformly dispersed and randomly-oriented in the epoxy
polymer (i.e. the grey continuous area). For the epoxy nano-
composites subjected to the magnetic ﬁeld during curing, Fig. 6d
reveals that the Fe3O4@CNFs are aligned parallel to the direction of
the magnetic ﬁeld, consistent with the observed alignment in the
liquid epoxy resin prior to cure (see Fig. 6b). The TEM images (see
Fig. 6e and f) further support the above conclusions on the
orientation of the nanoﬁber hybrids, parallel to the applied mag-
netic ﬁeld, in the epoxy nanocomposites.
3.3. Electrical conductivity studies
Fig. 7 shows the conductivity of the epoxy nanocomposites with
different contents of randomly-oriented and aligned Fe3O4@CNFs.
The electrical conductivities of the Fe3O4@CNFs epoxy nano-
composites subjected to the magnetic ﬁeld were measured in two
directions, namely, parallel and perpendicular to the direction of
the externally applied magnetic ﬁeld. The unmodiﬁed epoxy ex-
hibits a conductivity of ~10!13 S/m which increases to ~10!12 S/m
and ~10!10 S/m for the epoxy nanocomposites containing 0.2 wt%
and 0.6 wt% of randomly-oriented Fe3O4@CNFs, respectively. For
the epoxy nanocomposites cured under the applied magnetic ﬁeld,
a higher electrical conductivity is observed when measured in the
direction parallel to the magnetic ﬁeld. Indeed, the conductivity in
the direction parallel to the magnetic ﬁeld is consistently over one
order of magnitude higher than that for the nanocomposites con-
taining randomly-oriented Fe3O4@CNFs. This is similar to the re-
ported increase from the use of CNTs aligned by a magnetic ﬁeld of
25 T [42,43]. By contrast, the electrical conductivity measured
normal to the magnetic ﬁeld shows no signiﬁcant increase
compared to the nanocomposites containing randomly-oriented
Fe3O4@CNFs. This demonstrates that the application of the mag-
netic ﬁeld leads to the resultant epoxy nanocomposites possessing
anisotropic electrical properties. However, the improvement of the
electrical conductivities was not that remarkable. It has been re-
ported that higher the oxygen concentration present in the CNFs,
then higher is the content of CNFs required to reach the percolation
threshold [44]. During the preparation of the Fe3O4@CNFs, a strong
acid was employed to treat the CNFs, which might have introduced
some defects and some oxidative surface groups. This partially may
account for the relatively low electrical conductivity of the epoxy
nanocomposites. Additionally, coating the surface of CNFs with iron
oxide nanoparticles, which have a relatively high resistivity, would
further reduce the electrical conductivity of the nanocomposite
[10,25].
Fig. 4. XPS spectra: (a) survey spectrum of pristine CNFs, CNFs-OX, and Fe3O4@CNFs; (b) high resolution O1s and Fe2p scans of CNFs, CNFs-OX, and Fe3O4@CNFs.
Fig. 5. FTIR spectra of pristine CNFs, CNFs-OX, Fe3O4@CNFs, and Fe3O4.
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3.4. Fracture toughness studies
The effects of the alignment of the nanoﬁber hybrids on the
fracture toughness of the epoxy nanocomposites were studied by
investigating the mode I fracture behaviour of the carbon ﬁber
composite joints bonded using the epoxy nanocomposites (or the
unmodiﬁed epoxy polymer). The unmodiﬁed epoxy polymer and
all the epoxy nanocomposites exhibited unstable, stick-slip, crack
growth behaviour. Such behaviour gives rise to classic ‘saw-tooth’
shaped load versus displacement curves. Fig. 8a shows the typical
load versus displacement curves for an epoxy nanocomposite
containing 0.6 wt% of Fe3O4@CNFs. The maximum load values are
associated with the onset of crack growth, which is followed by
very rapid crack growth leading to the crack arresting at the lower
load values. Following ISO 25217, the value of the fracture energy,
GIc, for the onset of crack growth was determined using the
maximum load values. Fig. 8b presents the values of GIc of the
unmodiﬁed epoxy polymer and the epoxy nanocomposites con-
taining either randomly-oriented or aligned nanoﬁber hybrids. The
average fracture energy of the unmodiﬁed epoxy polymer is 134 J/
m2. With the addition of 0.4 wt% of randomly-oriented nanoﬁber
hybrids, the fracture energy increased to 242 J/m2. The application
of the external magnetic ﬁeld, which oriented the Fe3O4@CNFs in a
direction normal to the crack surface, further improved the fracture
energy to 328 J/m2. It can be seen from Fig. 8b that increasing the
content of the Fe3O4@CNFs beyond 0.4 wt% did not yield any
further signiﬁcant improvements in GIc of the epoxy nano-
composites containing either the randomly-oriented or aligned
nanoﬁber hybrids.
3.5. Toughening mechanisms
To identify the toughening mechanisms, the fracture surfaces of
the unmodiﬁed epoxy polymer and epoxy nanocomposites from
the DCB tests were examined, both visually and using the SEM.
From a visual inspection, for both the unmodiﬁed epoxy polymer
and epoxy nanocomposites, there were distinct ‘thumbnail lines’
on the fracture surfaces where the onset of crack propagation and
then crack arrest had occurred. Further, for the epoxy nano-
composites, stress-whitening was observed along the ‘thumbnail
lines’ which indicated the occurrence of more extensive damage at
the crack tip prior to crack propagation in the nanocomposites
compared to the unmodiﬁed epoxy polymer. Such an observation is
typically associated with an enhanced toughness.
Fig. 9a shows SEM images of the fracture surfaces of the DCB
specimens bonded using the unmodiﬁed epoxy polymer. The
Fig. 6. Representative optical micrographs (a and b), SEM images (c and d), and TEM (e and f) images of epoxy nanocomposites containing 0.6 wt% of randomly-oriented
Fe3O4@CNFs (i.e. (a), (c), and (e)) and Fe3O4@CNFs aligned under the 50 mT magnetic ﬁeld (i.e. (b), (d), and (f)). The black arrows in (b), (d), and (f) indicate the direction of the
applied magnetic ﬁeld (B). The red arrows in (c) and (d) indicate the nanoﬁber hybrids. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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fracture surface is very smooth and featureless, indicating a very
brittle fracture behaviour. On the other hand, the presence of
Fe3O4@CNFs in the epoxy produced much rougher surfaces and
patterns of tear marks, as shown in Fig. 9bed. These are likely to
arise from crack deﬂection due to the presence of the Fe3O4@CNFs
and plastic deformation of the epoxy polymer surrounding the
Fe3O4@CNFs. A closer inspection of the fracture surfaces reveals
that the Fe3O4@CNFs were pulled out after debonding from the
epoxy polymer, with some Fe3O4@CNFs being peeled away from
the epoxy (see Fig. 9bed). Cavities and grooves created by the
pull-out and debonding of the Fe3O4@CNFs, as well as ruptured
Fe3O4@CNFs, are evident in Fig. 9d and e. A high magniﬁcation
SEM image (see Fig. 9e) reveals that there are voids surrounding
the Fe3O4@CNFs. These voids are typically created due to
debonding of the Fe3O4@CNFs from the epoxy polymer, followed
by plastic deformation of the epoxy. This plastic void growth
mechanism will also absorb energy and will further enhance the
fracture energy of the nanocomposites. Behind the advancing
crack tip, Fe3O4@CNFs are pulled out from the epoxy polymer and
bridge the crack faces, as shown by a cross-section image in
Fig. 10. The alignment of the Fe3O4@CNFs in the direction normal
to the crack surface increases the possibility of such interactions
between the advancing crack tip and the Fe3O4@CNFs.
Similar toughening mechanisms to those described above have
been reported for epoxy nanocomposites containing MWCNTs [45]
and all of these toughening mechanisms contribute to the
measured increases in the fracture energy, GIc, for the epoxy
nanocomposites. The nanocomposites containing nanoﬁber hy-
brids aligned normal to the crack surface are more effective at
inducing such toughening mechanisms than those containing only
randomly-oriented nanoﬁber hybrids, leading to a signiﬁcantly
higher GIc.
4. Conclusions
Fe3O4@CNFs hybrids have been fabricated by attaching
magnetite nanoparticles to CNFs through a simple and effective co-
precipitation method. Using the techniques of optical microscopy,
SEM and TEM, it has been conclusively established that the
Fe3O4@CNFs can be aligned in the liquid epoxy resin by the appli-
cation of a relatively weak magnetic ﬁeld (~50 mT), and that this
alignment of the nanoﬁber hybrids is maintained after the epoxy
nanocomposites are cured. Compared to the unmodiﬁed epoxy
polymer, the epoxy nanocomposites exhibit a higher electrical
conductivity, especially along the direction of the alignment. In
addition, alignment of the Fe3O4@CNFs signiﬁcantly improves the
toughening efﬁciency. For example, the addition of 0.4 wt% of
aligned Fe3O4@CNFs increases the fracture energy of the epoxy
nanocomposites by about 150% above that of the unmodiﬁed epoxy
polymer. By contrast, randomly-oriented Fe3O4@CNFs at the same
Fig. 7. Electrical conductivity of the epoxy nanocomposites containing 0.0, 0.2, 0.4, and
0.6 wt% of Fe3O4@CNFs. (The orientation of the Fe3O4@CNFs with respect to the di-
rection of measurement is indicated.)
Fig. 8. (a) Representative load versus displacement curves of the epoxy nanocomposites with 0.6 wt% of randomly-oriented or aligned Fe3O4@CNFs; (b) the mode I fracture energy,
GIc, of the epoxy nanocomposites as a function of the content of Fe3O4@CNFs. (The orientation of the Fe3O4@CNFs was either random or aligned normal to the crack surface, as
indicated.)
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content only give about an 80% improvement. Based on fracto-
graphic analyses, the main toughening mechanisms induced by the
nanoﬁber hybrids include interfacial debonding, pull-out, crack
bridging and rupture of the Fe3O4@CNFs, and plastic void growth in
the epoxy polymer. The alignment of the Fe3O4@CNFs in the di-
rection normal to the crack surface increases their propensity to
interact with the advancing crack tip, leading to more effective
toughening. The present work has clearly demonstrated that by
attaching magnetite nanoparticles to CNFs the resulting nanoﬁber
hybrids can be aligned in an epoxy polymer using a relatively weak
magnetic ﬁeld. The epoxy nanocomposites so produced exhibit
signiﬁcant improvements in their electrical conductivity and frac-
ture toughness.
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